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The aims of this research was to investigate the performance of ewe lambs reared under harsh hill 
conditions, from lines divergently selected for leanness under intensive conditions, specifically: 
(1) patterns of live weight, muscle depth, fat depth and condition score, (2) genetic and 
phenotypic parameters, and (3) the effectiveness of selection in intensive conditions. 
A total of 32 rams from lines which had been divergently selected for three years for leanness 
under intensive conditions were mated to a random sample of about 1200 Scottish Blackface 
ewes which were maintained on two Scottish hill farms, differing in their degree of harshness. 
The following traits were analysed on 1189 ewe lambs produced in 1991 and 1992: Live weight 
(LWT), muscle depth (MD), average fat depth (AVF) and condition score (CS) at 11 different 
points in the life cycle, from birth to weaning of their second lambs. Restricted maximum 
likelihood was used for the analyses of fixed effects and to estimate genetic and phenotypic 
parameters. Mathematical models of growth and body composition changes were estimated 
with non-linear regression. 
In general LWT, MD, AVF and CS exhibited similar patterns of change with age and/or season, 
with increases of tissue depths from summer to autumn and mobilisation of reserves from winter 
to early spring. The development of fat and lean line ewes showed parallel patterns in which the 
fat line had significantly thicker AVF than the lean line at all points of measurement, but the 
mean differences between lines in LWT and MD and CS were generally not significant. The 
results demonstrate that selection for leanness in intensive conditions has been effective in 
altering fat deposition in extensive conditions. 
The estimates of heritability obtained with common environmental effects, depending on age, 
ranged from 0.21 to 0.53 for LWT, 0.23 to 0.35 for MD, 0.06 to 0.28 for AVF, and 0.10 to 0.29 
for CS. The values of common environmental effects ranged from 0.00 to 0.15 for LWT, 0.00 to 
0.14 for MD, 0.00 to 0.10 for AVF, and 0.00to 0.04 for CS. In general, genetic and phenotypic 
correlations were positive and high between different measurements of the same trait at different 
points of the life cycle. The correlations between AVF, MD and LWT and CS were positive but 
generally moderate. 
Genetic correlations between the index lean score recorded under intensive conditions and other 
traits recorded under harsh hill conditions, depending on age, ranged from -0.88 to -0.68 with 
AVF, -0.23 to -0.33 with MD, -0.31 to -0.38 with CS and nearly zero with LWT. 
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Consumers in Britain are increasingly aware of the need to reduce fat in their 
diets. The consumption of sheep meat which is said to have a high fat content, 
has been declining recently. In 1989, for example, the consumption was 84.75 
gram per person per week, which decreased to 82.50 gram in 1991, and in 1992 
became 70.59 gram (Annual Abstract of Statistics, 1994). The reason is that 
meat sheep contain higher fat levels than that desired by consumers. They have 
to trim the fat in the carcass before cooking or during eating and also believe 
that fat brings about several chronic degenerative diseases (Simm, 1992). 
There is much potential to develop hill sheep in the UK. They contribute 41% 
of breeding ewes and 56% of the genes of all breeding ewes (IMILC, 1988). The 
most numerous breed is the Scottish Blackface with 2.6 million breeding ewes 
or 0.14 of the national flock (Bishop, 1993). However, the problem faced in 
this breed is how to produce lambs which reach the desired fatness at a 
marketable weight. 
Reduced fatness can be achieved genetically and non-genetically. Farmers 
usually produce leaner lamb non-genetically through slaughtering at lighter 
weights, ceasing castration, extensive systems of production and manipulating 
Chapter]. General Introduction 
the composition of feed. Genetic improvement, such as crossing and selection, 
although relatively slow, is more attractive because it leads to permanent 
improvement and is perceived by the consumer as natural (SAC, 1989). 
Since the introduction of ultrasonic scanning, selection for reduced fat has 
become possible (Simm, 1987). Many studies have shown that selection for 
high and low backfat in sheep based on this technique has resulted in a direct 
response in fat thickness. However, a lot of information is still required 
especially in relation to genetic and phenotypic parameters and the performance 
of the ewes under extensive hill conditions. To investigate these issues, the 
Roslin Institute have been carrying out a divergent selection experiment for 
predicted carcass lean content, using fat depth and live weight, on Scottish 
Blackface sheep under intensive conditions since 1989. Subsequently, a trial, 
performed under extensive conditions, was established by the Scottish 
Agriculture Collage (SAC) and in collaboration with the Roslin Institute in 
1990/1991 in which the sires were from Roslin. The aims of the experimental 
programme are to: 
investigate the consequences of selection for reduced carcass fatness on 
the performance and survival of hill sheep; 
estimate the genetic and phenotypic parameters for growth, carcass 
attributes, maternal ability, wool characteristics and maternal behaviour 
in hill sheep; 
determine whether selection for divergent carcass fatness of rams under 
ad libitum feeding conditions has been effective in altering carcass 
composition of their progeny reared under extensive (hill) conditions. 
2 
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This project is a part of the research carried out by SAC and Roslin Institute, 
and will be limited on investigation of ewe lambs sired by selected-line rams 
under extensive conditions. The objectives are: 
to evaluate patterns of growth, muscle and fat deposition, and condition 
score. 
to investigate factors influencing growth rate, muscle depth, 
fat depth and condition score of ewes at different points of their life 
cycle; 
to estimate genetic and phenotypic parameters for growth, fat depth, 
muscle depth and condition score at different points of the life cycle; 
to investigate whether selection under intensive conditions is effective in 
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Selection for reduced fatness has become the objective of many selection 
programmes over the past few years. Most recent studies, however, have 
focused on intensive husbandry and a lack of information exists concerning 
the consequences of reduced fat on the genetic control and performance of 
animals under extensive conditions. 
There are three important aspects that have to be considered in connection with 
selection for reduced fatness. Firstly, selection for leanness is principally a 
manipulation of carcass quality referring to market preferences or consumer 
desires. To achieve this aim, the physiology of growth, body composition and 
factors affecting these must be fully understood. Secondly, fat is a natural 
energy reserve and mobilised during nutrition depletion, cold exposure and 
pregnancy (Slee, 1968; Slee and Halliday, 1968; and Halliday et al., 1969). 
These aspects usually occur at the same time during winter. Consequently, 
selection for reduced fat may have a detrimental effect on sheep reared under 
harsh hill conditions. Thirdly, the selection of traits is most effective if genetic 
and phenotypic parameters are known. Considering these parameters, response 
to selection and the direction of response in the correlated traits can be 
predicted. 
Chapter 2. Review 
This review comprises four main parts; (1) growth, body composition and the 
factors affecting them, (2) adaptation to cold exposure (3) genetic and 
phenotypic parameters, and (4) the interrelation between the three parts above 
in improving hill sheep. 
2.1. Growth and Body Composition 
Sheep meat production is variable between and within breeds of sheep. The 
differences are mainly due to genotype and environmental conditions. Some 
sheep, for example, are grazed intensively on the hill and others are carefully 
fed under intensive conditions. The large variation of environments and 
genotypes in contributing to both production and the quality of meat forces 
scientists and farmers to understand the factors involved in growth and body 
composition in order to improve the efficiency of production in each situation, 
whilst meeting the demands of particular consumers. Growth and body 
composition within breed are influenced by many factors such as age, body 
weight, litter size, sex, nutrition, and other environmental factors. 
2.1.1. Age, Maturity. Live Weight and Body Composition 
Age, maturity, live weight and body composition are interrelated. Under ideal 
conditions, as a lamb grows older, the growth accelerates until the point of 
inflection at puberty, and then decelerates gradually until cessation at 
maturity. The growth curve of cumulative weight against age is similar across 
livestock species and is composed of prepubertal, self accelerating (post 
pubertal) and self-inhibiting phases (Figure 2.1) (Batt, 1980). Organs and 
5 
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tissues do not mature simultaneously but they change along with the age of the 
animal. Most internal organs in sheep are early maturing. The brain for 
instance, reaches about 90% of its maximum size by the time the animal is 35% 
of its mature weight. The intestine, abomasum and rumen mature at a rate 
similar to the whole body. Within the major body components, the order of 
maturation is skeleton, muscle and fat, with only fat being classified as late 
maturing. Tissues of the limbs tend to be a greater proportion of mature weight 
in early life than do tissues of the trunk. Although all fat depots are classified 
as late maturing, they vary in their patterns of development, maturing in the 
following order: intramuscular, channel, kidney, subcutaneous and omental 
(Black, 1983). Warren (1979) noted the importance of age on fat deposition 
based on his study of Merino sheep. The proportion of fat distributed between 
the subcutaneous and intramuscular regions changes in three phases. The early 
phase occurred between birth to 18 days of age, when subcutaneous fat 
underwent a rapid growth relative to the intramuscular fat. The second phase 
occurred between 18 days and 180 days of age, when muscle growth was taking 
precedence over the growth of fat. The third stage finally occurred over the age 
of 180 days when rapid fattening commenced, the proportion of dissectible fat 
in the subcutaneous depot increased and the relative proportion of 
intramuscular depot decreased. 
Simm (1992) and Purchas (1986) highlighted the importance of live weight on 
the composition of lean and fat. As an animal grows, the weight and the 
proportion of fat in the body increases while the proportion of lean tissue 
decreases. Snowder et al. (1994) studied the phenotypic correlations between 
6 
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Figure 2.1. Growth curve for lambs showing a characteristic sigmoid form. 
Points present a) conception, b) birth, c) self accelerating phase, 
Inflection point often associated with puberty, 
self retarding phase, and f) maturity (Batt, 1980) 
live weight and carcass characteristics in four breeds of sheep at an average of 
105 days of age and 38.5 kg of body weight. The results showed that live 
weight was positively correlated with measures of fat, including percentage of 
kidney and pelvic fat (r=0.57), body wall thickness (r=0.82), and extracted fat 
(r=0.63), but negatively correlated with measures of leanness such as chemical 
protein (r=-0.55) and moisture (r=-0.63). The area of the longissimus muscle 
was positively correlated with live weight, but coefficients were heterogeneous; 
r=0.39 for Ramboillet and 0.77 for Targhee, Polypay and Columbia sheep. 
Negative correlations were also found for protein with live weight, and for 
protein with carcass weight of -0.55 ' and -0.58, respectively. 
7 
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The relationship between carcass weight gain and fat weight has been studied 
by Bennett et al. (1991a) on Southdown x Romney lambs at slaughter age (5 to 
20 weeks, depending on the year) with a total of 26 periods of 5 weeks. The 
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Figure 2.2. Fat weight and carcass weight gains during 26,5 
week periods (Bennett et al., 199 1) 
As carcass growth rate increased, the proportion of fat gain decreased and the 
proportion of fat-free gain increased. Consequently, lambs growing fast are 
leaner than those growing slower at the same carcass weight (Bennett et al. 
(1991a). 
An increase in mature weight automatically reduces fat content in the carcass at 
given age or weight because the lambs reach slaughter weight earlier and delay 
fat deposition. Wood (1992) noted that lambs of large mature weight have a 
higher appetite maintenance requirement than those of small mature weight due 
to a faster rate of protein and energy metabolism. Studies carried out by 
8 
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Jenkins and Leymaster (1993) and Snowder et al. (1994) resulted in similar 
conclusions. They concluded that leaner lambs could be produced from later 
maturing lambs. 
2.1.2. Litter Size and Sex 
The increase of litter size leads to a decline in birth weight of lambs. Robinson 
et al. (1977) observed that the reduction of birth weight compared to a single in 
Finn-Dorset was 19%, 20% and 14% for twins, triplets and quadruplets 
respectively. Donald and Russel (1970) calculated that the birth weight of 
twins was 80% of singles and that of triplets was 77% of twins. The lambs 
from smaller litters tended to grow faster than those from larger litters. This 
difference was presumably because of the competition between the lambs for 
their dam's milk and the small size of the multiple lambs at birth. However, the 
sum of the live weights of the multiple lambs and the milk produced by dams 
were greater than those of single lambs (Gatenby, 1986). The effect of birth 
type on growth rate, however, was not influential after weaning or if the lambs 
were fed a concentrate diet (Treacher, 1985; 1989). 
The effect of birth type on carcass composition of lambs slaughtered at 33-3 5 
kg was small, however, lambs from smaller litters had a significant higher 
increase in coul and perinatal fat than those of larger litters (Villete and 
Theriez, 1981). Bennett et al. (1991 a) found that rearing status was influential 
on live and carcass weights of lambs. The lambs reared as singles had 
heavier live and carcass weights to weaning than those reared as twins or 
triplets. However, the proportion of carcass weight attributable to fat and fat- 
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free weight was nearly equal. A study carried out by Bourfia and Echiguer 
(1990) indicated that lambs born and reared as singles had more lean and less 
fat (subcutaneous fat, kidney fat and pelvic fat) than those reared either as twins 
or as triplets. To achieve a similar rate of lean tissue growth, measured by 
lean weight per day, lambs born and reared as twins had to be slaughtered 6 
days younger than those born and reared as singles. 
Sex has an important effect on body composition. Ram lamb carcasses were 
heavier and less fat than ewes at the same age (Kirton et al., 1982 and Purchas, 
1986). The effect of sex on body composition of Omani sheep was well 
documented by Mahgoub and Lodge (1994a, 1994b). In conclusion, they noted 
that ram lambs had a heavier birth weight, muscle weight (e.g. m. splenius and 
m. longissimus), body weight, and weight of bone, head, feet and reticulo 
rumen than did ewes at the same age. However, they had a lower dressing out 
percentage, subcutaneous and intramuscular fat levels. The difference in 
carcass composition between ram lambs and ewe lambs may be due to 
hormonal systems. Testosterone in the male presumably appeared to increase 
the maximum binding capacity of cytosol from m. gluteus which may be 
associated with responses in increased protein metabolism and deposition 
(Galbraith and Berry, 1994). 
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2.1.3. Nutrition 
Body composition is strongly influenced by nutrition. Lean (or muscle) has a 
high priority for growth although each unit of lean deposited carries a specific 
amount of essential fat. In addition, large quantities of fat are produced only if 
there is surplus energy. When energy and protein are in balance, there is a gain 
in body protein and a little gain in fat. Moreover, once energy intake arises 
above maintanance, fat deposition commences (Owens et al., 1993). The ratio 
of the fat gain is constant for each increment in energy intake. Consequently, 
the animals receiving more energy have more fat than those receiving less 
energy. Furthermore, the increase in intake of a well-balanced energy and 
protein above maintenance resulted in a faster growth and fat gain (Black, 
1983). Energy and protein interactions are also very important in sheep. 
However, the amount of protein absorbed often bears little relationship to the 
amount of protein eaten because of the activity of rumen microbes. Amino 
acids available for growth and maintenance are closely related to energy 
available for growth and maintenance. It may be possible that some lambs have 
enough energy but not enough amino acids to express a high lean growth 
(Bennett, 1990). 
Nutrition also strongly influences the reproductive performance of ewes. 
Although ovulation rate is under predictable nutritional control, adequate 
nutrition during the developmental stage is important to achieve a good body 
condition at mating time (Gunn, 1983). Nutrition during mid pregnancy, 
however, has been found to have no effect on foetal growth and lamb weight. 
The major effect of nutrition on pregnant ewes is during the last eight weeks of 
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gestation when foetal growth is most rapid or nearly 75% of foetus growth 
(Robinson, 1977). Moreover, Robinson (1977) noted that foetal growth 
appears not to be affected greatly until energy intake falls below that required 
for maintenance of the ewe's tissues. 
The level of nutrition required by ewes in the first month of lactation is 
considerably greater than the level needed in late pregnancy to achieve 
maximum birth weight in twin lambs. It is usual for the lactating ewes to 
utilise a considerable amount of body reserves during this stage. Nutritional 
allowances recommended by MLC (1981), for instance, indicate that lactating 
ewes require 75% more metabolisable energy and 55% more protein than do 
the ewes in the last week of pregnancy (Treacher, 1983). 
2.2. Adaptation to Cold Exposure 
2.2.1. Factors Affecting Cold Resistance 
Whenever animals are exposed to environments radically different from that 
which they usually encounter, they will try to adapt by maintaining body 
temperature within precise limits or developing homeostatic mechanisms that 
allow them to accommodate the environmental changes. One of the most 
important homeostatic mechanisms is the control of body temperature, at a 
relatively constant level, by balancing heat produced from metabolism and heat 
loss (Dividich et al. 1992). 
Heat produced by a sheep depends mainly on the plane of nutrition offered, its 
thermal environment and thermal insulation, which varies between and within 
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breeds (Mount, 1980). Thus, interest lies in determining the range of thermal 
environment over which heat loss from the animal is minimal. The range is 
called the thermoneutral range with the lowest limit called the lower critical 
temperature (LCT). Animals in an environment under the LCT have to 
compensate with an increase in heat production that may lead to an inevitable 
reduction in feed conversion. Nutritionally, LCT is important since it 
corresponds to the lowest point of the temperature range at which the energy 
available for production is optimal (Mount, 1980). The theoretical interrelation 
between thermal isolation (R), plane of nutrition (NP), environmental and 
critical temperatures of animals are illustrated by Mount (1980) in Figure 2.3. 
An animal with low thermal insulation (Ri) and under a poor plane of nutrition 
(PN 1), has a critical temperature of Cl. When the plane of nutrition (PN 1) is 
increased to PN2, critical temperature falls from Cl to C2 that means that the 
animals are more resistant to cold exposure. When an animal's insulation 
increases from RI to R2, and the animal is fed at PN1 (poor nutrition), critical 
temperature falls from Cl to C3. When PN1 is then increased to PN2, the 
critical temperature falls to C4 (Mount, 1980). 
S lee (1981) reviewed genetic aspects of resistance to cold in new-born lambs. 
The ability of lambs to resist cold exposures are dependent mainly on coat 
cover, birth weight, skin thickness and metabolic response. Furthermore, Slee 
(1978) studied different birth coats (long and short) in three breeds of sheep, 
Welsh, Merino and Scottish Blackface. The cold resistance of lambs was 
expressed as the time taken for rectal temperature to fall 1 °C, calculated 
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Figure 2.3. Diagrammatic presentation of heat production 
in relation to environmental temperatures, 
for low (RI) or high (R2) thermal insulation, 
on high (PN2) and Low (PN1) plane of 
nutrition. Cl, C2, C3, and C4 are critical 
temperatures (mount, 1980). 
from the time the chamber was lowered below zero. The results demonstrated 
that the long coated lambs were on average six times more cold resistant than 
short coated lambs, and that cold resistance was strongly influenced by breed 
due to different coat morphology and other genetic factors associated with 
birth coat type and metabolic rate. 
Birth weight is an important attributable component to cold resistance in the 
early post natal period. The lambs having higher birth weight are more 
resistant to cold than those having lower birth weight as they possess greater 
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energy reserves in the form of fat depots and skin insulation (Dividich et al., 
1992; Slee, 1978, and Slee, 1981). Further study by Alexander (1974) 
indicated that small lambs at birth had poor insulation and lower summit 
(maximum heat production due to cold temperature) metabolism per unit of 
surface area that made them vulnerable to death from hypothermia in a cold 
environment or dehydration and heat stress in a hot environment. Similar 
conditions revealed in rams and lambs from larger litters. These usually had 
lower fat depots than did the ewes, and lambs from smaller litters, respectively. 
In addition, lambs from poorly under nourished ewes were seriously impaired, 
through reduced thermal insulation and ability to sustain high metabolic rate 
due to lower amounts of energy stored (Dividich et al., 1992). 
2.2.2. Mobilisation Body Reserves during Cold Exposure 
When sheep are exposed to a cold environment, heat is produced through an 
increase in metabolic rate from nutrition and/or mobilisation of body reserves. 
Mobilisation of body reserves during winter in Scottish Blackface was 
documented by Russel et al. (1968). The results illustrated that live weight 
was maximal for a short period during late autumn. There was a progressive 
loss of approximately 8 kg of live weight until about the time of parturition. 
During and after lactation, live weight increased until high again in the late 
autumn. During winter itself, live weight reduced by more than 20%, 
composed of 51% fat, of 14% water, and of 20% protein. Moreover, there was 
no significant reduction in total weight of fat in maternal tissue during the first 
four months of pregnancy, but there was a very significant decrease in weight 
15 
Chapter 2. Review 
of fat during the final months of pregnancy, consisting of about 86% from 
original subcutaneous fat reserves and 25% from bone fat reserves. 
Fat is oxidised to produce ATP with enormous amounts of heat, which is then 
picked up by blood passing through the tissue and distributed to the whole 
body. The break down of body fat deposits can be detected by the existence of 
free fatty acids (FFA) in the blood. Circulating FFA is related to the amount of 
fat currently mobilised for oxidation and energy production. The level of FFA 
has been shown to be high in sheep during fasting, pregnancy, under-nutrition 
and cold exposure (Slee, 1968). 
Stott and Slee (1985) studied pregnant Scottish Blackface ewes, exposed to 
different temperatures: cold (6 0C) and warm (260C). They found that FFA 
levels in sheep blood under cold conditions were higher than that under warm 
conditions. Apart from the cold treatment, the concentration of.FFA in the 
blood of pregnant ewes was also higher than that of barren ewes (Hailiday, 
1968; Halliday et al.,1969). Furthermore, Slee and Halliday (1968) found that 
FFA levels in barren ewes under cold conditions were 10-20 times greater than 
that under conditions of fasting and physical disturbances at a constant 
thermoneutral. They finally concluded that the increase in FFA concentration 
during cold exposure in late pregnancy favoured deposition of foetal tissue for 
non-shivering thermogenesis of lambs, whereas in barren ewes the rate in FFA 
is due to an increasing metabolic rate which compensates for the heat lost to 
environment. 
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Muscle is also a source of energy and mobilised during cold exposure and 
nutrition depletion. It stores additional energy in the form creatin phosphate 
that can easily be mobilised for supply of ATP. The major reserve energy in 
the muscle is glycogen, a storage polymer of glucose, which is rapidly broken 
down to a monomer, and then to acetyl coenzyme A(CoA) for further 
degradation to CO2, H20 and energy in the case of loss of nutrition and 
hostile climate during winter (Currie, 1988). 
2.3. Genetic and Phenotypic Parameters 
Genetic and phenotypic parameters are of interest to animal breeders. They are 
important for several reasons; (1) they give a quantitative summary of 
inheritance of traits, (2) they measure genetic variation in a trait to make 
selection programmes effective, (3) they allow consideration of alternative 
selection schemes, (4) they allow consideration of the optimisation of selection 
schemes by choice of population structures, and (5) they are required for 
incorporation of information from relatives and other traits into breeding value 
estimates (Thompson, 1994). 
2.3.1. Heritability and Permanent Environmental Variances 
Heritability is of importance to animal breeding because it shows the 
genotypic expression of the traits of animals and an estimate of repeated degree 
of genetic differences between animals (Pirchner, 1983). The published 
estimates of heritabilities for weight and carcass characteristic in different 
breeds, populations, methods and environments are presented in Table 2.1. The 
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estimates of heritability of birth weight ranged from 0.07 to 0.27, from 0.02 to 
0.28 at age 8 weeks, from 0.14 to 0.42 at weaning, and from 0.27 to 0.63 at 
adult weight. In general the values increased along with age of the animals. 
Lee et al. (1990) and Lee et al. (1995) found the heritabilites of live weight of 
Merino ewes grazed under the pasture to be high (0.63 and 0.67). There was 
no clear reason, however, for these rather higher heritabilities. 
Conington et al. (1995) compared the estimates of heritability obtained from 
hill reared lambs and inbye (improved pasture) reared lambs. The results 
indicated that the heritability of birth weight of hill reared lambs was higher 
than that of inbye reared lambs, but the difference was not significant. There 
was no difference in heritability of muscle depth in both environments, but 
heritability of average fat depth for lamb reared under inbye pasture was 
doubled. 
Heritabilities of muscle depth ranged from 0.21 to 0.45, which were similar to 
those of fat depth (0.18 to 0.44), whereas heritabilities of Lean ranged between 
0.37 and 0.47. 
There is a source environmental variance that contributes to variance between 
means of families but not variance within family, called the common 
environmental variance (c 2) (Falconer, 1989). It increases the covariance 
among the phenotypes of relatives directly to the offspring phenotype 
(Pirchner, 1983). The result of this component depends on the analyses 
applied. If the group in the analysis are full-sibs, then the common 
environmental variance (Vec) represents environmental causes of similarity 
between full-sibs. 
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Table 2.1. Published estimates of heritability 
(standard errors in parentheses) 
Traits Heritability Breed evaluated Reference 
Birth weight 0.27 (0.13) Scottish Black face Bishop (1993) 
0.07 (0.04) Scottish Black face Conington et al. (1995) 
0.13 (0.03) Scottish Black face Atkins (1986) 
Weight 4 weeks 0.22 (0.12) Scottish Black face Bishop (1993) 
Marking weight 0.02 (0.03) Scottish Black face Conington etal. (1995) 
Weight 8 weeks 0.04 (0.07) Scottish Black face Bishop (1993) 





Weight 10 weeks 0.09 (0.08) Scottish Black face Bishop (1993) 
Pre-weaning weight 0.06 (0.03) Scottish Black face Atkins (1986) 
Scottish Black face  Weaning weight 0.14 (0.05) 
Weight 20 weeks 0.23 (0.12) Scottish Black face Bishop (1993) 
0.20 (0.13) Texel-Oxford Cameron and Bracken (1992) 





Post weaning weight 0.23 (0.05) Scottish Black face Atkins (1986) 
Scottish Black face  Adult weight 0.31 (0.05) 
Full body weight 0.31(0.05) Southdown x Romney Bennett etal. (1991b) 
Live weight 0.27 Romney Waldron etal. (1992) 
0.63 (0.18) Merino ewes Lee et al. (1990) 
Lee etal. (1995) 0.67 Merino ewes 
Hill reared lambs 
Marking weight 0.06 (0.05) Scottish Black face 
0.26 (0.11)  
Conington etal. (1995) 
Weaning weight 0.15 (0.09) 
Fat depth 0.12 (0.08) 
Muscle depth 
Inbye reared 
Marking weight 0.04 (0.03) Scottish Black face 
0.26 (0.09)  
Conington etal. (1995) 
Weaning weight 0.14 (0.07) 
Fat depth 0.24 (0.09) 
Muscle depth 
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Table 2.1 Continued 
Carcass Composition 
Traits Heritability Breed evaluated Reference 
Muscle depth 0.38 Romney Waidron etal. (1992) 
0.36(0.14) Scottish blackface Bishop (1993) 
0.27 (0.09) Scottish blackface Conington et al. (1995) 




Fat depth 0.43 (0.17) Merino ewes Lee etal. (1994) 
0.16 (0.06) Scottish blackface Conington etal. (1995) 
0.39 (0.13) Scottish blackface Bishop (1993) 
0.18 Romney Waidron etaL (1992) 
0.24 (0.04) Southdown x Romney Bennett etal. (199 1) 




Fat weight 0.33 Romney Waldron etal. (1992) 
Fat weight, kg 0.34 Southdown x Romney Bennett etal. (1991b) 
Southdown x Romney  
Fat-free weight, kg 0.32 Southdown x Romney 
fat % 0.37 Southdown x Romney 
Water 0.34 Southdown x Romney 
Dressing % 0.29 (0.05) 
Lean 0.47 (0.14) Scottish blackface Bishop (1994) 
Lean weight 0.37 Romney Waldron etal. (1992) 
If the group is composed of half-sibs, it represents causes of similarity 
between half-sibs, and in parent-offspring relationships a comparable 
covariance then represents causes of resemblance between offspring and parent 
(Falconer, 1989). The estimates of published c 2 are presented in Table 2.2. 
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Table 2.2. Published estimates of common environmental effects 
Traits c2 Breed evaluated Reference 
Birth weight 0.41 Scottish blackface Conington etal. (1995) 
0.10 Romanov Maria et al. (1993) 
0.39 Crossbred Wolf et al. (198 1) 
Weight 8 weeks 0.13 Suffolk Mercer et aL (1995) 
0.38 Crossbred Wolf etal. (198 1) 
Weight 12 weeks 0.37 Crossbred Maria, etal. (1993) 
Marking weight 0.23 Scottish blackface Conington et al. (1995) 
Scottish blackface  Weaning weight 0.18 
0.00 Romanov Maria et al. (1993) 
Muscle depth 
at weaning 
0.14 Suffolk Mercer etal. (1994) 
0.10 Scottish blackface Conington etal. (1995) 
Scottish blackface  Fat depth 
at weaning 
0.12 
0.17 Crossbred Wolf etal. (198 1) 
0.16 Suffolk Mercer etal. (1994) 
The estimates of c 2 ranged from 0.10 to 0.41 for birth weight, 0.13 to 0.38 for 
age at 8 weeks, and 0.0 to 0.18 for weaning weight. The estimates of c 2 for 
muscle depth at weaning ranged from 0.10 to 0.14 and were similar to those of 
fat depth (0.12 to 0.17). Estimates of c 2 seem to decrease along with the age 
of the animals. 
Reproductive performance is a complex characteristic. The final product, such 
as litter size or birth weight may be due to the genetic effect of the offspring 
and a maternal genetic effect (Nitter, 1987). Maternal effects differ from 
common environmental effects. These are influences common to progeny that 
are due to the genotype or phenotype of the dam, whereas common 
environmental effects are not necessarily related to the dam's genotype or 
phenotype. Variance of maternal effect (m 2) and common environment effect 
(c2) are often lumped together, and sometime it is not possible to separate 
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them individually. In a group of contemporary relatives, both effects inflate the 
full-sib covariance to more than twice the half-sib covariance (Haley, 1994). 
Furthermore Haley (1994) summarised the influence of the maternal genetic 
effects on a selection programme. In conclusion, (1) maternal effects are able 
to affect the apparent response. For example, in selection for litter size in pigs, 
animals selected on basis of their dam's litter sizes were born in large litters 
and thus had a depressed litter size as a result. As selection for litter size 
continued for further generations, no further depression of litter size occurred; 
(2) when maternal effects were included in the model, genetic progress for 
direct additive effects was little affected, but a negative response for maternal 
effects meant that overall genetic response was lower; (3) when maternal 
effects were present but were ignored, responses could be further reduced but 
the effect was often not great. The published estimates of m 2 are presented in 
Table 2.3. 
Table 2.3. Published estimates of genetic maternal effects 
Traits m2 Breed evaluated Reference 
Birth weight 0.30 Romanov Maria etal. (1993) 
0.22 Swedish fine wool landrace Nasholm and DaneIl (1994) 
Age of 3 weeks 0.17 Romanov Maria etal. (1993) 
weaning 0.13 Romanov 
0.25 Swedish fine wool landrace Nashoim and Danell (1994) 
Swedish fine wool landrace  Weight 90 weeks 0.10 
Slaughter weight 0.07 Romanov Maria et aL (1993) 
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The m2 estimates ranged from 0.22 to 0.30 at birth and 0.13 to 0.25 at weaning. 
The values at 90 weeks and slaughter weight decreased to 0.10 and 0.07, 
respectively. The estimates of m2 are generally high at birth and then the 
values decrease along with the age. 
2.3.2. Genetic and Phenotypic Correlations 
The traits of an animal may be independent, or correlated under control at least 
of a single set of genes. A change in an unselected trait resulting from 
selection on another trait is called a correlated response. The size of a 
correlated response is dependent on the genetic correlation between traits. The 
genetic correlation is mostly caused by pleiotropy that can act synergistically 
or antagonistically, whereas the phenotypic correlation is the total correlation 
of genetic and environmental factors (Pirchner, 1983). 
Genetic and phenotypic correlations are of interest for several reasons. Firstly, 
they provide a basic understanding of the magnitude and direction of correlated 
responses. If, for example, the genetic correlation is negative, an increase in a 
trait being selected will lead to a decline in the correlated trait. Secondly, they 
are useful for the improvement of traits that are difficult to select. Improving 
feed intake, for instance, can be done by selecting for growth rate. Thirdly, 
these parameters are essential for the estimation of breeding values of animals 
when selection is carried out on more than one trait, by combining them into an 
index (Falconer, 1989). Published estimates of genetic and phenotypic 
correlations of growth and carcass composition are given in Table 2. 4. 
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Table 2.4. Published estimates of genetic and phenotypic correlation 
Traits correlated rg rp Breed evaluated Reference 
Birth wt x marking wt 0.42 0.50 Scottish blackface Conington etal. (1995) 
Scottish blackface  Birth wt x weaning wt 0.48 0.36 
0.01 0.36 Southdown x Romney Bennett etal. (1991b) 
Southdown x Romney  
Birth wt x full body wt -0.06 0.32 Southdown x Romney 
Birth wt x carcass wt -0.25 0.28 
Marking wt x weaning wt 0.85 0.63 Scottish blackface Conington etal. (1995) 
Weight at 8 weeks x 
weight at 21 weeks 
0.75 0.75 Suffolk Mercer etal. (1994) 
Meatlinc  
0.84 0.72 Texel 
0.55 0.72 Charollais 
0.80 0.76 
Weaning wt x growth rate 0.96 0.97 Southdown x Romney Bennett etal. (1991b) 
Southdown x Romney  
Weaning wt x full body wt 0.92 0.79 Southdown x Romney 
Weaning wt x carcass wt 0.86 0.80 
Fat depth x wt 8 weeks 0.37 0.37 Suffolk Mercer etal. (1994) 
Meatlinc  
0.16 0.37 Texel 
-0.06 0.30 Charollais 
-0.08 0.32 
Fat depth x marking wt -0.08 0.35 Scottish blackface Conington etal. (1995) 
Fat depth x wt 20 weeks 0.13 0.45 Scottish blackface Bishop (1993) 
0.58 0.60 Texel-Oxford Cameron & Bracken (1992) 
Fat depth x wt 21 weeks 0.44 0.50 Suffolk Mercer etal. (1994) 
Meatlinc  
0.40 0.49 Texel 
0.35 0.49 Charollais 
0.18 0.47 
Fat depth x weaning wt -0.21 0.40 Scottish blackface Conington etal. (1995) 
Fat depth x live wt 0.45 0.50 Merino ewes Lee etal. (1994) 
Fat depth x fat wt 0.75 0.70 Southdown x Romney Bennett etal. (1991b) 
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Table 2.4. continued 
Traits correlated rg rp Breed evaluated Reference 
Fat wt x full body wt 0.47 0.77 Southdown x Romney Bennett etal. (1991b) 
Southdown x Romney  
Fat wtx birth wt -0.33 0.18 Southdown x Romney 
Fat wt x weaning wt 0.74 0.70 
Fat depth x muscle depth -0.12 0.45 Texel-Oxford Cameron & Bracken (1992) 
-0.21 0.27 Scottish blackface Conington etal. (1995) 
0.17 0.31 Suffolk Merceretal. (1994) 
Meatlinc  
0.27 0.35 Texel 
0.42 0.37 Charollais 
0.49 0.40 
Fat depth x Lean -0.99 0.38 Scottish blackface Bishop (1993) 
Muscle depth x wt 8 weeks 0.50 0.42 Suffolk Mercer etal. (1994) 
Meatlinc  
0.29 0.38 Texel 
0.10 0.40 Charollais 
-0.28 0.40 Meatlinc 
Muscle depth x wt 21 weeks 0.61 0.56 Suffolk 
0.46 0.56 Texel 
0.41 0.53 Charollais 
0.35 0.59 
Muscle depth x Lean -0.39 -0.39 Scottish blackface Bishop (1993) 
Muscle depth x marking wt 0.17 0.34 Scottish blackface Conington etal. (1995) 
Lean x wt 20 weeks 0.02 0.52 Scottish blackface Bishop (1993) 
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To summarise Table 2.4, genetic correlations between birth weight and 
marking weight, and birth weight and weaning weight were low to moderate 
whereas the phenotypic correlations were moderate. Genetic and 
phenotypic correlations between weight at age 8 weeks and weaning weight 
were positive and high ranging from 0.55 to 0.85 and 0.72 to 0.75, 
respectively. Genetic and phenotypic correlations between weaning weight 
and growth rate, and weaning weight and full body weight were also 
positive and high. 
Genetic correlations between fat depth and live weight at early growth were 
generally negative, low to positive moderate ranging between -0.06 and 
0.58, whereas phenotypic correlations were generally moderate ranging 
between 0.30 and 0.60. Genetic and phenotypic correlations between fat 
depth and fat weight were positive and high (0.75 to 0.70 respectively). 
Genetic correlations between fat depths and muscle depths were generally 
negative, low to positive moderate, whereas phenotypic correlations were 
positive and moderate. In addition, genetic and phenotypic correlations 
between muscle depth and live weight were generally positive and 
moderate. 
2.4. Results of Selection Experiments 
Results from over ten years of selection in experiments designed to change 
fat levels in sheep have been reported from the UK and New Zealand. 
Generally results show that selection for reduced ultrasonically measured 
back fat depth result in reduced subcutaneous fat and other fat depots. Lord 
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et al. (1988) quoted by Bennett (1990), selected Coopworths for high and 
low ultrasonic fat depth adjusted for live weight. The progeny resulting 
from crossing high and low line rams with Romney ewes differed by 1.1 
mm or 40% in back fat and by 0.43 kg or 13% in carcass fat. McEwan et al. 
(1990) found that a line of Romney sheep selected for increased ultrasonic 
fat depth had three times greater fat depth than a line selected for decreased 
fat depth after 8 years of selection. Over 4 years of divergent selection for 
leanness and fat in the Scottish Blackface has been studied by Bishop 













1988 	 1989 	 1990 	1991 
Figure 2.4. Genetic divergence in fat depth between high 
and low selected lines of Scottish Blackface 
(Bishop, 1993). 
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Interestingly, divergent selection on ultrasonic back fat depth resulted in an 
asymmetric response. Response towards high back fat was greater than that 
towards low back fat. Cameron and Bracken (1992) noted that the lower 
selection responses in the lean line may be a result of the difficulty in 
identifying animals with low ultrasonic fat depths. This may be also due to 
a reduction in variance as there was a lower limit to subcutaneous fat depth. 
In addition, McEwan et al. (1990) noted that other factors may contribute 
such as genetic drift and the accuracy of ultrasonic machines in measuring 
back fat at low levels. 
Fennessy et al. (1992) studied carcass characteristics of progeny from 
Coopworths rams selected for high and low ultrasonic back fat thickness. 
The results showed that there was no significant difference between sire 
lines in the weight of the progeny. Cameron et al. (1994) who studied 
Texel-Oxford and Scottish Blackface reached a similar conclusion. 
A study by McEwan (1990), quoted by Wood (1992), of lines divergently 
selected for leanness indicated that the greatest reductions of fat weight 
between lines occurred in omental, subcutaneous and kidney depots of 39%, 
36% and 33% respectively, and the smallest was in the intramuscular depot 
(18%). He hypothesised that selection altered some hormonal production 
during development and subsequently changed the postnatal growth pattern 
of tissues. Cameron et al. (1994) who studied lipid composition and 
metabolism of subcutaneous fat in Texel-Oxford and Scottish Blackface 
divergently selected for carcass lean content found that the high lean 
selection lines had significantly lower back fat depths than the fat line, 
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however lipoprotein lipid activities in both between breeds and selection 
lines were similar. The lipid content of subcutaneous fat and lipoprotein 
lipase were positively correlated with performance test traits, especially 
back fat depth. In addition, the correlation between back fat depth and fatty 
acid synthetase was not different from zero. 
2.5. Imorovement of Hill-Shee 
It is apparent that the nutritive value of forage often becomes the limiting 
factor in the growth of grazing hill sheep. Often growth of the sheep 
reflects the availability and nutritive value of mountain vegetation. The 
nutritive value of the forage on the hill, however, changes with time, being 
highest in the spring and lowest in the autumn. On the other hand, grazing 
ewes generally have higher maintenance requirements than those penned 
under intensive conditions, especially under northern conditions, because of 
greater variation in the environmental temperature, exposure to wind and 
rain, and higher mobility. In late summer and autumn, for instance, the 
nutritive value of the herbage drops considerably, and there in a responding 
to decline in growth. One of the main causes is the low protein content of 
forage. In addition, there are also general reductions in the digestibility of 
dry matter, phosphorus and potassium with the increase in plant maturity 
(Lamba, 1989). A study by Russel et al. (1982) on Scottish Blackface ewes 
under extensive hill conditions revealed that live weight was at its 
maximum in late October (beginning of the autumn) and started to decline 
in late November. Between October and February, ewes lost between 8 
and 10 kg of weight. Similar patterns occurred fat and muscle. During the 
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peak condition in the autumn, hill ewes carried about 6 kg fat (about 12-
14% of live weight). At the end of pregnancy (winter) more than half of 
this reserve had been mobilised. It was also shown that 20% of the ewe's 
body protein and mineral were also catabolised during this season. 
There is usually a steady increase in forage allowance in the spring as 
forage growth increases. This gives a steady rise in intake in the ewes 
during the first few weeks of lactation (Treacher, 1983). However, growth 
of the lambs at a given stage depends closely on the milk supply (Rhind, 
1995). Considerable amounts of energy required during lactation force 
the ewes to mobilise significant amounts of their body fat. However, 
relatively large amounts of protein are also required for milk production. 
This cannot be met from ewes with limited reserves (Rhind, 1995). 
Consequently, lamb mortality is the main source of wastage in most hill 
sheep production systems. Acute lethal hypothermia may occur within 5 
days of birth and lambs may die from starvation-induced hypothermia 
between 12 and 36 hours of age. Resuscitation treatment has an important 
role, but it is difficult to apply on extensive farms and may be applied too 
late. Improved ewe nutrition in late pregnancy can reduce prenatal lamb 
mortality and also improve subsequently cold resistance but may be 
impractical and uneconomic for the sheep farmers (Slee, 1974, and 1978). 
Russel (1983) proposed three requirements for improving the performance 
of grazing sheep nutritionally; (1) improvement of nutrition between 6 and 
8 weeks prior to mating. It is essential to achieve good body condition for 
higher ovulation and conception rates, and also to provide greater body 
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reserves; (2) improvement of nutrition in the late pregnancy to ensure 
satisfactory birth weight, particularly of multiple births and adequate 
amounts of colostrum; and (3) improvement of nutrition as early as possible 
in the spring and maintaining this throughout the summer. It is important to 
achieve high levels of milk production, and maintain growth of lambs. 
Bishop et al. (1992) considered four requirements for the genetic 
improvement of hill sheep under harsh environments ; (1) fleece/coat, (2) 
fat metabolism, (3) maternal ability and perinatal survival, and (4) disease 
resistance. The efficiency of genetic improvement programmes, however, 
will be determined by genetic and phenotypic parameters. There is a lack 
of information on genetic and phenotypic parameters for sheep reared under 
harsh hill conditions. Selection for cold resistance in Scottish Blackface 
placed in climate chambers was carried out by Slee and Stott (1986). 
Preliminary half-sib analyses and sire-offspring regressions gave estimates 
of 0.3 for the heritability of cold resistance. Response to selection was 
rapid but asymmetrical with realised heritability for cold resistance of 0.27 
(0.13) for upward, 0.01 (0.16) for downward selection, and 0.17 (0.09) for 
the line divergence. Moderate estimates of heritability in high lines may 
result in a response to selection for cold resistance. However, a lot of 
information is still required in relation to selection for leanness; for 
example, the interrelationships between fat metabolism and cold resistance, 
coat cover, maternal ability and disease resistance. 
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A few reliable estimates of maternal genetic components under harsh 
environments exist. Atkins (1986), Conington et al. (1994) demonstrated 
large permanent environment effects on live weight prior to weaning, 
although they were not able to separate maternal genetic from maternal 
environmental effects. Studies by Maria et al. (1993) on Romanov Sheep 
and Nashoim and Danell (1994) and Swedish Fine Wool Landrace found 
the maternal effects on live weight prior to weaning to be high for sheep 
bred under intensive conditions. High permanent environmental effects 
cause an increase in the correlation among sibs, heritabilities for direct 
additive genetic effect biased upward, and this finally leads to reduced 
accuracy of selection (Nicholas, 1987). 
In conclusion, fat is a natural energy reserve which is mobilised during cold 
exposure, pregnancy and lactation period. The genetic improvement of 
sheep reared under harsh environments should consider genetic and 
phenotypic parameters of the traits improved, the interrelationship between 
optimum mobilisation of fat with lower critical temperatures under which 
the animals are able to survive in hill conditions despite the lack of forage 
during winter, and the relationship between fat and other factors of 
adaptation such as coat cover, maternal characteristics and disease 
resistance. Lack of information about the parameters above makes it 
difficult to predict the consequences of reduced fat on the performance of 
hill sheep, but it may have a detrimental effect on the survival of both ewes 
and their offspring. Improvement of nutrition may be possible but 
impractical and uneconomic for sheep maintained under hill conditions. 
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2.6. Conclusions 
Growth and body composition within breeds of sheep are influenced by 
many factors such as age, maturity, litter size, sex and nutrition. Age, 
maturity, live weight and body compositions are interrelated. When the 
animals grow older, growth rate will decrease gradually until cessation of 
the age of maturity. Fat deposition commences rapidly from the age of 180 
days and in many studies there is no evidence of cessation. At a constant 
age, an increase in mature weight reduces fat content because the lambs 
reach slaughter weight earlier and delay fat deposition. 
An increase in litter size causes a decline in birth weight. Lambs from 
larger litters tend to grow slower than those from smaller litters. In terms 
of fat deposition, lambs from smaller litters have a significantly higher 
increase in coul and perinatal fat than those from larger litters. Sex has an 
important effect on growth and body composition. Ram lambs have a 
heavier birth weight, muscle weight, body weight, weight of bone, head, 
feet and reticulo- rumen than do the ewe lambs, however they have a lower 
dressing out percentage and subcutaneous and intramuscular fat. 
The estimates of heritability of live weight range from 0.07 to 0.63 and the 
values increase along with age of the animals. Heritabilities of muscle 
depth range from 0.21 to 0.45, similar to those of fat depth (0.18 to 0.44), 
whereas heritabilities of lean range between 0.37 and 0.47. The estimates 
of c2 and m2 are generally high at birth and then the values decreased 
along with the age. Genetic correlations between fat depth and live weight 
at early growth were generally negative, low to positive, moderate, whereas 
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phenotypic correlations were generally positive and moderate. Genetic 
correlations between fat depth and muscle depth were generally negative, 
low to positive, moderate, whereas phenotypic correlations were positive 
and moderate. In addition, genetic and phenotypic correlation between 
muscle depth and live weigh were generally positive and moderate. 
Selection for leanness should consider factors of adaptation because fat is a 
natural energy reserve and used during cold exposure, pregnancy, depletion 
of nutrition, and lactation. The consequences of selection for reduced 
fatness are not predictable due to lack of information about interrelationship 
between fatness with the factors of adaptation above, however it may have a 
detrimental effect on both the ewes and offspring survival. 
This study will investigate the performance of ewes sired by rams selected 
for carcass leanness, and the objectives are outlined in Chapter 1. 
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3. 1. Materials 
Selection Project in Roslin 
The rams used in this project were from a flock at Roslin that had been selected 
using an index developed by Cameron and Bracken (1992) under intensive 
conditions. The project in Roslin was established in 1988 and initially consisted 
of 140 mixed age Blackface ewes and 15 mixed age Blackface rams bought 
from local stock sales. The base generation was created by mating 140 ewes 
and 15 rams randomly and the flock was kept at a size of 200 ewes thereafter 
(Bishop, 1993). 
The male lambs were with their dams until 4 weeks of age, then they were 
creep fed up to 8 weeks. All lambs were grouped according to line and age 
with a range of four to eight lambs per pen, and received a high concentrate 
and high energy diet, comprising 12 MJ/kg dry matter and 180 g crude protein 
per kg dry matter. The lambs were tested from 10 weeks to 21 weeks of age and 
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each year about 90 lambs were tested. Subcutaneous fat depth and longissimus 
dorsi muscle depth were measured at 20 weeks and 21 weeks of age over the 
13th rib and 3rd lumbar using an ALOKA SSD-210 DXII ultrasonic machine 
with a 5-MIHz, 56-mm probe, and body weight was measured weekly on test. 
The objective of the selection experiment was to genetically alter the carcass 
lean content of 20-week-old male lambs without changing body weight. The 
index was developed by Cameron and Bracken (1992): 
LEAN = 0.204 W205 - 0.996 x Fats 
The index was derived from genetic and phenotypic parameters presented by 
Wolf et al. (1981). W20 was the average of 19, 20 and 21 week weight 
whereas fat was the average of four ultrasonic thickness measurements at the 
13th rib and 3rd lumber sites at both 20 and 21 weeks of age. The subscript s 
referred to the standardisation of fixed effects of birth type, dam age (three 
classes: parity 1,2 or older mixed age ewes) and a covariate describing age 
deviation from 20 weeks on the day of weight measurements (Bishop, 1993). 
The five highest and five lowest lambs ranked on lean were selected to be 
sires each year, and they were used at 7 months of age. Female lambs were 
allocated to the line of their nearest selected male relative or to a line at 
random if they had no selected male relatives. In addition, matings were 
avoided between animals with a coefficient of relationship of 0.125 or greater. 
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Selection Project in SAC 
Nine lean (line L) and nine fat (line F) rams resulting from divergent selection 
for leanness at Roslin were mated to about 600 ewes at Kirkton (Farm 2) and 
600 ewes at Castlelaw (Farm 1) in the first two years of the experiment. In two 
years, a total of thirty-two rams were mated, five of these were used in both 
years to provide genetic links between years. A total of 1189 ewe lambs were 
born, of which 594 were born in 1991 and 595 in 1992. 
Farm 1 (Castlelaw) is located in the Pentland National Park, Midlothian and 
rises from 305 to 488 metres above sea level with an annual rain fall of 800 
mm. Farm 2 (Kirkton) is located near Crianlarich, West Perthshire and is much 
harsher, rising from 180 to 1034 metres with 2900 mm average rain fall. The 
project design is illustrated in Figure 3.1. 
Management of the sheep was according to farm policy and was similar on the 
two farms apart from following exceptions: Firstly, feeding and housing were 
given to multiple bearing ewes from week ten of pregnancy until lambing in 
Farm 2, but not in Farm 1. Secondly all ewes in Farm 1 lambed outside in hill 
paddocks (Conington et al. ,1994). All ewes were mated in November and they 
were kept on improved pasture in Farm 2 but not in Farm 1. The ewes were 
scanned during late pregnancy. Single bearing ewes were fed compound feed 
on the hill and multiple bearing ewes received big bale silage plus compound 
feed in hill parks. In Farm 2 all ewes were lambed on the improved pasture 
(inbye), with the twin bearing ewes having access to housing overnight. 
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32 rams from 
both lean and fat lines 
in 2 years 
Artificial Insemination 
600 unselected ewes 	 I 	600 unselected ewes 
at Castlelaw (farm 1) 	 1 at Kirkton (farm 2) 
1189 ewe lambs born in 2 years 
594 ewe lambs born in 1991 
595 ewe lambs born in 1992 
Figure 3.1. Project Design 
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Once lambed, the ewes having multiple lambs continued grazing in the 
improved pasture until weaning in August whilst those having single lambs 
were turned onto the hill. 
After weaning, all ewes returned to the hill. Within hill grazings, groups could 
be distinguished on particular areas of the open hill, with no fencing, known 
as 'hefting'. The ewes born in a heft homed to that area during their life. It was 
therefore important to distinguish hefts or 'home range' as fixed effects. 
The traits were measured during the growth of the ewes, when they were lambs, 
and during first and second parity. Traits recorded on all ewes were live 
weight (LWT), muscle depth (MD), average fat depth (AVF), and condition 
score (CS). The first parity data was composed of ewes born in 1991 and 1992 
with a total of 1189 ewes from 600 dams and 32 sires. Traits were observed at 
birth, weaning, pre-tupping, pre-lambing, lamb marking and lamb weaning for 
LWT, at each point from weaning to weaning of their lambs (lamb weaning) 
for MD and AVF, and at pre-tupping to lamb weaning for CS. The second 
parity data were a continuation from the first parity but the only records 
available were from ewes born in 1991. A total of 594 ewes were recorded 
from 18 sires and 486 dams. The traits were observed at 2nd pre-tupping, 
2nd pre-lambing, 2nd lamb marking, and 2nd lamb weaning. 
Weaning traits were measured when the ewes themselves were weaned. Lamb 
marking was measured when their offspring were being marked or given 
identification such as tags for further recording, and lamb weanings were 
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measured when their offspring were being weaned. Observed traits and months 
of measurements are presented in Table 3.1 
Ultrasonic scanning was taken at the 3rd lumbar vertebra using a VETSCAN 
ultrasonic machine with a 5 MHz, 56 mm probe. Four fat measurements were 
taken from the boundary of the vertebra and longissimus dorsi muscle. The 
average fat depth was the average from the 1St to the 4th sites, whereas MID 
was measured at the deepest point of the longisissmus. Photographed scans 
were subsequently interpreted using computer semi-automatic image analysis 
software. In addition, condition score (CS) was assessed using the method 
recommended by the Meat Livestock Commission (1981). Five grades were 
defined based on fat cover on the back of the sheep. Scores and identifications 
of each grade are as follows: 
Fat cover very thin, individual bones were very easy to detects 
Fat cover thin, individual bones were easily detected with light pressure 
Individual bones were detected with light pressure 
Fat cover quite thick, individual bones were detected only with 
firm pressure 
Fat cover thick, individual bone could not be detected even with firm 
pressure (MLC, 1981). 
Data structures for all observed traits are presented in Table 3.2. Lamb marking 
measurements in May 1994 were only made on a sample of animals, in order to 
minimise disruption to the ewes and lambs. 
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Table 3. 1. Observed traits and dates of measurement 
Traits Ewes born in 1 1991 Ewes born in 1992 Ages LWT (month)  MD AVF CS 
Birth April 1991 April 1992 0 
Weaning August 1991 August 1992 5 
Pre-tupping November 1992 November 1993 20 * * * * 
Pre-lambing March 1993 March 1994 24 * * * * 
Lamb marking May 1993 May 1994 26 * * * * 
Lamb weaning August 1993 August 1994 29 * * * * 
2nd Pre-tupping November 1993 - 32 * * * * 




May 1994 - 38 * * * * 
lamb weaning August 1994 41 * * * * 
Note: Lamb marking : When offspring were marked 
Lamb weaning: When offspring were weaned 
LWT 	: Live weight 
MD : Muscle depth 
AVF 	: Average fat depth 
CS : Condition Score 
* 	: Measured 
- : Not measured 
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The other traits considered in the analyses were monthly live weight gain 
(LWTG), monthly muscle depth gain (MDG) and monthly average fat depth 
gain (AVFG). Gain was defined as an increase of observed traits in a period of 
time, whereas monthly gains were calculated from gains divided by 
appropriate time interval as described in Table 3. 1, using the formula below; 
Gain to weaning 
Gain to pre-tupping 
Gain to pre-lambing 
Gain to lamb marking 
Gain to lamb weaning 
= (weaning - birth)/5 
= (pre-tupping - weaning)! 15 
= (pre-lambing - pre-tupping)!4 
= (lamb marking - pre-lambing)/2 
= (lamb weaning - lamb marking)/3 
Table 3.2. Data structure for LWT, AVF,MD, and 
CS at the first parity 
Traits No. of 
records 
Minimum I Maximum I Mean I Standard deviation 
Birth weight (kg) 1189 1.3 5.2 3.700 0.807 
Weaning weight (kg) 1001 11.7 42.6 27.11 4.201 
Pre-tupping weight (kg) 917 29.0 69.4 47.07 6.629 
Pre-lambing weight (kg) 847 31.0 65.0 46.49 5.914 
Lamb marking weight (kg) 843 28.0 65.0 44.04 5.982 
Lamb weaning weight (kg) 863 33.0 74.0 48.56 6.350 
Weaning MD (cm) 1002 0.850 2.425 2.425 0.212 
Pre-tupping MD (cm) 882 1.402 3.339 2.168 0.289 
Pre-lambing MD (cm) 829 1.008 2.756 1.861 0.295 
Lamb marking MD (cm) 626 1.027 2.545 1.779 0.241 
Lamb weaning MD (cm) 813 1.339 3.008 2.043 0.270 
Weaning AVF (cm) 1002 0.0662 0.561 0.2116 0.090 
Pre-tupping AVF (cm) 882 0.0893 1.2630 0.4403 0.184 
Pre-lambing AVF (cm) 829 0.0654 0.6465 0.1247 0.089 
Lamb marking AVF (cm) 626 0.0428 0.4363 0.1246 0.056 
Lamb weaning AVF (cm) 813 0.0510 1.0510 0.2700 0.163 
Pre-tupping CS 918 2.25 4.5 3.078 0.429 
Pre-lambing CS 848 1.00 4.0 2.635 0.486 
Lamb marking CS 846 1.50 4.0 2.387 0.398 ILamb weaning CS 865 1.50 4.0 2.700 0.353 
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Table 3.2. Continued (second parity) 
Traits No. of 
records 
Minimum I Maximum I Mean Standard deviation 
2ndpre-tupping weight (kg) 416 33.0 67.2 49.49 6.772 
2nd pre-lambing weight (kg) 389 35.0 71.2 50.52 7.055 
2nd Iamb marking weight (kg) 387 30.0 65.2 44.68 6.252 
2nd lamb weaning weight (kg) 475 35.0 68.4 50.43 6.505 
2nd pre-tupping MD (cm) 401 1.402 3.134 2.121 0.285 
2nd pre-lambing MD (cm) 377 1.087 3.008 1.841 0.308 
2nd lamb marking MD (cm) 104 1.113 2.704 1.678 0.246 
2nd lamb weaning MD (cm) 376 1.465 1.996 2.992 0.249 
2nd pre-tupping AVF (cm) 401 0.080 1.105 0.407 0.172 
2nd pre-lambing AVF (cm) 377 0.066 0.4i6 0.101 0.086 
2nd lamb marking AVF (cm) 104 0.088 0.531 0.161 0.066 
2nd Iamb weaning AVF (cm) 376 0.053 1.006 0.279 0.176 
2nd pre-tupping CS 419 1.75 4.00 2.731 0.325 
2nd pre-lambing CS 390 1.00 3.50 2.283 0.391 
2nd lambmarking CS 386 1.25 4.00 2.295 0.373 
2nd Iamb weaning CS 396 2.00 4.00 2.722 0.363 
3.2. Statistical Models and Analyses 
3.2.1. Analyses of Fixed Effects and Genetic and Phenotypic Parameters 
Restricted maximum likelihood (REML) procedures as suggested by Patterson 
and Thompson (1971) were applied for the estimation of fixed effect means 
and various genetic and phenotypic parameters. Three sets of programmes were 
employed in the analyses; Genstat REML, REMLPK (Meyer, 1985) and 
DFREML (Meyer, 1989). Genstat REML was used to estimate the means and 
significance of fixed effects for all traits by fitting sires as random effects. 
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Fixed effects fitted were,: 
Selection lines; consisted of line L for lean type and line F for fat type 
Age of dam; comprised 5 levels; 2,3,4,5 and 6 years 
Farm; Farm 1 was Castlelaw and Farm 2 was Kirkton 
Birth type; was composed of 1 for single, 2 for twin, 3 for triplet and 
4 for quadruplet 
Grazing codes were accounted for on each farm and included 18 levels 
across both farms and years. In the first year they consisted of 7 levels, 
of which 4 levels belonged to Farm 1 and 3 levels belonged to Farm 2. 
In the second year, they comprised 11 levels, of which 8 levels belonged 
to Farm 1 and 3 levels belonged to Farm 2. 
Home range was composed of hefts where the ewes homed during 
their life on the open hill. Home range consisted of 4 hefts; 3 levels 
belonged to Farm 1 and 1 level belonged to Farm 2. 
Pregnancy was categorised according to whether the ewes were carrying 
singles (coded 1), twins (2), triplets (3) or were barren (0), depending on 
the scanning results. 
Year of birth consisted of 2 levels, for ewes born in 1991 and 1992. 
In analysing the second parity data, year of birth was not included 
because the records available were only from ewes born in 1991. 
Interactions between farm and pregnancy status which accounted for 
preferential feeding of twin rearing ewes on Farm 2; interaction 
between farm and birth type, f arm and year, and farm and line. 
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Day of birth was also fitted as a covariable to correct data for variation due to 
age, with the assumption that later born lambs had lighter weight, and lower 
MD and AVE Fixed effect models for all traits are described in Table 3.3. 
Table 3.3. Model of fixed effects 














Lamb marking  
Lamb weaning  
2nd re-tupping  
2nd pre-lambing  
2nd lamb marking  
2nd lamb weaning  
Note: * = fitted in the model, - = not fitted in the model 
Rearing type (number of lambs reared by dams) was included in the analyses 
of the second parity data. It was not included in the first parity analyses 
because the information from ewes born in 1991 at the first parity was not 
available . Rearing type was coded as follows: 1 indicated ewes rearing single 
lambs, 2 for twin lambs, and 3 for triplets. However, year and interaction 
between year and farm were not included in the analyses as the records 
available were just from the ewes born in 1991. 
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Heritabilities obtained by fitting only direct additive genetic effect, plus genetic 
and phenotypic correlations were estimated using multivariate animal models 
with REMLPK (Meyer, 1985) by fitting appropriate fixed effects for all 
observed traits. Full models of direct genetic effect in REMIL analyses could 
be written as: 
Y = Xb+ZAuA +e 
	
(Model 1) 
Where: y = Vector of record of ewes (number of record x 1) 
X = Incidence matrix for fixed effects to y (total number of 
record x total fixed effect levels) 
b = Vector of fixed effect (total number of fixed effect x 1) 
ZA= Incidence matrix for direct additive genetic effect to y 
(total number of record x total number of ewes) 
uA Vector of direct additive genetic effect 
(total number of animal x 1) 
e = Vector of residual environmental effect 
Heritabilities plus common environment effects were estimated using 
univariate animal models with DFREML (Meyer, 1989). The model could be 
written as follows: 
Y = Xb + ZAuA + Zcuc + e 	 (Model 2) 
where: Zc=  Design metrix relating to maternal common environment 
(total number of record x total number of ewes) 
uc = Vector of maternal common environment effect 
(total number of ewes x 1) 
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Standard errors for heritabilities obtained with DFREML were estimated with a 
quadratic approximation to the likelihood using 11 fixed point estimates of the 
parameters around their maximum likelihood. The second derivative of this 
quadratic was a measure of information of the heritability estimate, and the 
negative inverse of this value was the estimated sampling variance (Smith and 
Graser, 1986). Therefore the he formula can be written as follows: 
V(4)= 
Where V( ) = estimated sampling variance 
C = quadratic coefficient from quadratic approximation 
In addition, standard errors were calculated as the square root of the sampling 
variance. 
3.2.2. Bivariate Analyses 
Bivariate analyses used two sets of data resulting from divergent selection line 
for leanness under intensive condition (Roslin Institute) and under hill 
conditions (SAC). This analyses took account of all the selection that had been 
carried out on the rams in Roslin Institute and concentrated on Lean index 
(LEAN) (Roslin trait) as the primary trait because this was the trait selected 
on. SAC traits analysed were all measurements of live weight, muscle depth, 
average fat depth and condition score for ewes born in 1991 and 1992 at the 
first parity (data structure described in Table 3.2). Roslin traits analysed were 
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live weight, fat depth, muscle depth and the index predicting lean proportion 
(LEAN) at weaning (20 weeks). The structures of the Roslin data are presented 
in Table 3.4, and the design of bivariate analyses performed between Roslin 
and SAC traits are presented in Table 3.5. 
Table 3.4. Structure of Roslin data 
Traits No. of 
records 




Live weight (kg) 328 30.30 59.30 43.57 5.45 
Fat depth (cm) 328 0.070 0.395 0.216 0.062 
Muscle depth (cm) 328 1.820 2.960 2.347 0.206 
LEAN 328 -3.03 2.604 0.000 1.003 
Table 3.5. Bivariate analyses carried out 
Roslin Traits 
SAC Traits  




LEANr * * * * 
Note: LWT = Live weight 
MD = Muscle depth 
AVF = Average fat depth 
CS = Condition score 
LEAN = Index predicting lean proportion 
• . .r = Roslin traits 
= SAC traits 
* = Analysed 
- = Not analysed 
Genetic parameters were estimated using bivariate-free residual maximum 
likelihood with the technique outlined by Thompson, Crump, Juga and Visscher 
(1995). This technique is relevant for the analyses of traits which are measured 
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on different animals, but which are related genetically. Thus, genetic 
covariances between two traits could be estimated but not environmental 
covariances (Bishop et al., 1994). The heritabilities and genetic correlations 
between direct additive genetic effects (Model 1) between Roslin and SAC 
traits were estimated using an animal model with DFREML (Meyer, 1989). 
Fixed effects fitted for data collected in intensive conditions were: (1) birth 
type, composed of singles, twins and triples; (2) dam age, consisting of parity 1, 
2 and older mixed age ewes; (3) year, composed of 4 years of selection 
experiment, and (4) the interaction between dam age and litter size. Fixed 
effects fitted for each trait in data collected under extensive conditions were 
the same as in the first analyses (presented in Table 3.3). 
Day of birth in both environments was also fitted as a covariable to adjust data 
for variation in age, with the assumption that later born lambs had lower 
measurements. Furthermore, standard errors of heritabilities of interest were 
estimated using second derivative likelihoods (Smith and Graser, 1986) as 
described in 3.2.1. 
3.2.3. Mathematical Models of Growth and Body composition 
This section investigates the possibilities of using non linear regression 
techniques to model growth and seasonal variation in the measured traits. For 
computational ease and ease of interpretation, models are fitted to group means 
rather than to data on individual animals. 
49 
Chapter 3. Materials and Methods 
The traits analysed were live weight (LWT), muscle depth (MD) and average 
fat depth (AVF). Means at birth and pre-tupping were fitted for LWT, and at 
pre-tupping only for MD and AVE The means of each measurement of 
observed traits were estimated with REML Genstat by fitting appropriate fixed 
effects and sires as random effects (Table 3.3). The data were also adjusted 
for variation due to different day of birth and day of measurement by fitting 
these as covariables with the assumption that later birth and measurement dates 
resulted in lower weight and ultrasonic measurements. The means of observed 
traits, age, and standard errors of differences are presented in Table 3.6. 
Table 3.6. Means, age, and standard errors of differences for LWT, 
MD, and AVF, estimated using REMIL Genstat 
Stage Age (months) LWT (kg) MD (cm) AVF (cm) 
Birth 0 2.88 - - 
Marking 2 12.27 - - 
Weaning 5 26.24 1.785 0.207 
Pre-tupping 20 46.07 2.177 0.434 
Pre-lambing 24 45.68 1.874 0.120 
Lamb marking 26 43.14 1.802 0.128 
Lamb weaning 29 47.61 2.051 0.263 
2ndpre-tupping 32 49.27 2.156 0.420 
2nd pre-lambing 36 50.40 1.877 0.115 
2nd lamb marking 38 44.46 1.694 0.167 
2nd lamb weaning 41 50.26 2.031 0.291 
s.e.d  0.26 0.016 0.024 
Statistical analyses used were non-linear regressions available in Genstat 5 
Release 3 (Lawes Agriculture Trust, 1993). Two models were fitted for LWT 
starting from birth; (1) exponential and (2) logistic, and two models were fitted 
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for LWT, MID and A\'F starting from pre-tupping; (1) fourier and (2) dfourier. 
The data fitted were overall means, the means of Farm 1, and the means of 
Farm 2 for LWT and MID; overall means, the means of Farm 1, the means of 
Farm 2, the means of the lean line (Line L), and the means of the fat line (line 
F) for AVF. These were carried out for interest as farm was influential on all 
observed traits, whereas line was only influential on AVF. In addition, these 
are also useful if the traits of interest were predicted separately over time in 
different farms or lines. 
Exponential regression is used to represent processes that increase 
exponentially with time, which is common in certain phases of growth in 
animals. The formula can be written as follows: 
yi =a+PP" 
where: 
yi = monthly mean of live weight (kg) 
a = asymptote 
= the range of the curve between the value at x=O and asymptote 
p = rate of increase or decrease of live weight 
Xj =age (month) 
An equivalent form of the equation shown above is y j = a + 3(exp(-ia 1)), 
where p = exp(-K). The form involving p is used in Genstat to avoid large 
values of K. The estimates of parameters are produced by an iterative search 
for the best estimates of p with default value ranges 0< p<l, giving a curve 
corresponding to the law of diminishing growth. 
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Another type of standard growth curve is sigmoid, as known as a logistic 
function. The logistic curve is known as inverse exponential curve. 	The 
formula of the logistic non linear regression available in Genstat is as follows: 
Yi = 
Y a 	
exp(—(x 1  - 14) 
where: 
yi = monthly mean of live weight (kg) 
a = the lowest asymptote 
= the point of inflection 
= slope parameter 
a = upper asymptote 
x 1 = age (month) 
Fourier and dfourier are trigonometric functions, involving sine functions. 
These were fitted in the analyses, as the changes in the observed traits from pre-
tupping appeared to be sinusoidal functions. Both fourier and dfourier were 
fitted from pre-tupping when the animals were assumed to have reached 
maturity. The formula of fourier could be written as follows: 
27t(x1 -ii)] y=a+13sin{ (I) j 
y = monthly mean of live weight (kg) 
a = constant (kg/cm) 
13 =amplitude 
it = radian 
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xi age (month) 
= placement of curve (month) 
= frequency (expected value= 12 months) 
x 1 = age (month) 
The dfourier equation is more general than the fourier, as it allows fitting 
systematic changes in the fluctuation over time. The formula could be written 
as follows: 
n(xi
yi =a+isin[2_1)]+ysin[ 	] 
y, = monthly mean of live weight (kg) 
a = constant (kg/cm) 
13 =amplitude 
y = amplitude 
7t = radian 
xi age (month) 
= placement of curve (month) 
= placement of curve (month) 
= twice the frequency (expected value =24 months) 
Xj = age (month) 
In addition, the standard error of the observation (s.e.o) was estimated as the 
square root of the residual mean squares. 
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4. 1. Results 
4.1.1. Live Weight 
Means between lines and tests of significance among fixed effects on live 
weight (LWT) and monthly weight gain (LWTG) from birth to lamb weaning, 
estimated using REML Genstat are presented in Tables 4.1 and 4.2, and 
Figures 4.1 and 4.2. 
LWT increased from birth to pre-tupping, and then tended to be stable from 
pre-tupping to pre-lambing. From pre-lambing to lamb marking (Winter) 
growth dropped for both lines, and finally recovered again to lamb weaning 
(Spring) (figure 4.1). Changes in LWT at the second parity were similar to 
those at the first parity. LWT tended to be stable from pre-tupping 2 to pre-
lambing 2, declined to lamb marking 2, and finally recovered up to lamb 
weaning 2, during Spring. In terms of monthly gain, the ewes had the highest 
LWTG from birth to weaning (4.62 kg), and then LWTG decreased gradually 
to pre-tupping (1.3 kg). The ewes lost weight from pre-tupping to lamb 
marking (-0.042 kg from pre-tupping to pre-lambing,and -1.44 kg from 
Chapter 4. Growth and Body Composition Patterns 
Table 4.1. The effects of line, year, farm, birth type, and pregnancy on live weight from birth to 
lamb weaning 2 (kg) 
















Line  3.21 26.67 46.21 45.61 43.04 48.58 50.89 49.84 45.48 51.69 
F 3.18 26.27 45.58 45.11 42.46 47.95 49.83 49.18 45.73 51.77 
s.e.d 0.05 0.34 0.64 0.59 0.66 0.66 1.01 0.99 0.92 1.11 
Significance ns ns ns ns ns ns ns ns ns ns 
Year 1 3.20 27.29 43.90 44.30 44.16 48.69  
2 3.18 25.64 47.89 46.42 41.33 47.84  
s.e.d 0.05 1.01 0.43 0.44 0.49 0.53  
Significance ns ns ns 
Farm 1 3.54 27.66 49.82 47.39 45.30 51.18 53.96 51.99 48.54 53.90 
2 2.83 25.28 41.97 43.33 40.20 45.35 46.76 47.04 42.65 49.56 
s.e.d 0.05 1.05 0.41 0.50 0.51 0.53 0.70 0.71 0.68 0.73 
Significance * *** *** *** *** *** *** *** ** 
B. Type 1 4.27 29.23 47.78 46.63 44.10 48.98 50.83 50.02 46.57 52.72 
2 3.48 26.89 46.69 45.80 43.98 48.28 50.52 49.69 46.48 51.98 
3 2.74 26.28 46.17 44.82 42.86 47.61 49.83 48.83 45.74 50.56 
4 2.27 23.47 42.94 44.19 41.06 48.18 - - - - 
s.e.d 0.04 1.12 1.33 1.61 1.59 1.66 0.86 0.89 0.88 0.91 
Significance ns ns ns ns ns ns ns 
Preg. 	0  43.75  
1  44.85  44.28 46.05 50.60 
2  49.52  49.13 45.50 49.92 
3  43.33  55.12 47.24 51.04 
s.e.d  0.85 _________ _________ _________ 0.96 0.72 0.99 
Significance *** *** * ns 
Note: 	= P <0.001, ** = P <0.01, * = P <0.05, ns = non significant 
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Table 4.2. The effects of line, year, farm, birth type, and pregnancy on monthly live weight gain 
from birth to lamb weaning 2 (kg) 


























Line  4.647 1.307 -0.052 -1.565 2.498 0.593 -0.254 -2.477 2.989 
F 4.593 1.298 -0.138 -1.316 2.482 0.463 -0.194 -2.228 3.320 
s.e.d 0.065 0.039 0.073 0.2131 0.1364 0.120 0.125 0.2432 0.229 
Significance ns ns * ns ns ns ns ns ns 
Year 1 4.558 1.169 0.138 -0.110 2.062  
2 4.682 1.445 -0.326 -2.771 2.919  
s.e.d 0.081 0.027 0.069 0.194 0.130  
Significance ns *** *** 
Farm 1 4.790 1.473 -0.458 -1.491 2.660 0.608 -0.455 -2.373 2.489 
2 4.451 1.141 0.270 -1.389 2.320 0.448 -0.007 -2.332 3.320 
s.e.d 0.143 0.026 0.096 0.263 0.174 0.165 0.161 0.162 0.229 
Significance * *** *** ns * ns ** ns 
B. Type 1 5.105 1.282 -0.265 -1.517 2.152 0.579 -0.252 -1.976 2.887 
2 4.504 1.350 -0.102 -1.504 1.964 0.467 -0.108 -2.043 2.733 
3 4.561 1.347 -0.294 -1.328 2.362 0.538 -0.312 -3.037 3.095 
4 4.311 1.250 0.285 -1.411 3.482 - - - - 
s.e.d 0.205 0.085 0.310 0.826 0.532 0.199 0.199 0.926 0.289 
Significance ns ns ns ns ns ns ns ns 
Preg 	0  -0.397 - - - 
1  -0.088  -1.288 -2.661 3.596 
2  0.457  -0.098 -3.258 2.825 
3  -0.348  -0.714 -3.531 2.693 
s.e.d  0.164  0.213 0.3620 0.524 
Significance sss 
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Figure 4.1. Differences in means between lines in live weight 
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Figure 4.2. Differences in means between lines in monthly weight gain 
from birth to lamb weaning 2 
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pre-lambing to lamb marking, respectively), and they finally gained again up to 
lamb weaning (2.49 kg). At the second parity, gain to pre-tupping 2 was lower 
than that at the first parity, there was a greater decline than in the first parity 
during Winter and then a higher increase than in the first parity during Spring. 
There were no differences in means between lines for LWT and LWTG. The 
effect of year was significant at pre-tupping to lamb marking or gain from pre-
tupping to lamb weaning. It seems that Winter in 1993 (year 2) was much 
harsher than in 1992 (year 1). The ewes in year 2 recovered during Spring 
(lamb marking) and grew faster than the ewes in year 1 to lamb weaning. 
The effect of birth type on LWT was significant from birth to pre-tupping and 
then not significant thereafter. An increase in litter size led to a decline in 
weight of lambs. Single lambs had the heaviest weights at birth through pre-
tupping followed by twins, triplets and quadruplets, respectively. At weaning, 
for example, twin lambs were 91% of the weight of the singles, triplets were 
97% of the weight of the twins, and quadruplets were 89% of the weight of the 
triplets. The effect of birth type on LWTG was significant for gain to weaning 
(P<0.00 1) as the single lambs had the fastest gain, followed by twins, triplets 
and quadruplets, respectively. The effect of birth type was not significant after 
weaning or when the lambs were no longer dependent on the dams. 
Different degrees of harshness in different farms strongly affected LWT and 
LWTG. Figure 4.3 shows that the ewes reared in Farm 2 (Kirkton), under 
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much harsher hill conditions, had lower LWTs than those reared in Farm 1 
(Castlelaw). The lambs reared in Farm 2, however, tended to be more resistant 
to cold exposure during Winter than those reared in Farm 1. When the ewes in 
Farm 1 started losing body weight from pre-tupping to pre-lambing, the ewes in 
Farm 2 still gained, in spite of finally losing weight up to lamb marking. The 
ewes reared on Farm 1 showed greater changes in LWTG than those reared in 
Farm 2. LWTG was higher from birth to pre-tupping, however declined 
sharply below that of the ewes reared in Farm 2 from pre-tupping to lamb 
marking, and subsequently showed a greater increase to lamb weaning. The 
effect of farm on LWT and LWTG in the second parity showed similar patterns 
to those at the first parity. 
The effect of pregnancy (ewes carrying singles, twins, triplets or barren) 
strongly influences LWT and LWTG. The ewes carrying twin lambs were 
heaviest, followed by singles, barren and triplets, respectively. At the second 
parity, the ewes carrying triplets were heaviest followed by twins and singles. 
The ewes rearing singles, twins and triplets were influential on LWT to lamb 
marking 2 (P<0.05) but not significant to lamb weaning 2. The effect of 
rearing type, however, was not significant on LWT. 
4.1.2. Muscle Depth 
The significance of fixed effects on changes in muscle depth (MD) and monthly 
muscle depth gain (MDG) are similar to those on LWT and LWTG. The 
differences in means between lines and tests of significance of fixed effects on 
MD and MDG from weaning to lamb weaning 2 are presented in Tables 4.3 
and 4.4, and Figures 4.5 and 4.6. 
60 
Chapter 4. Growth and Body Composition Patterns 
Table 4.3 . The effects of line, year, farm, birth type, and pregnancy on muscle depth from weaning to 
lamb weaning 2 (cm) 
















Line L 1.766 2.194 1.950 1.714 2.040 2.127 1.862 1.672 2.027 
Line F 1.780 2.219 1.985 1.752 2.068 2.176 1.921 1.707 2.085 
s.e.d 0.022 0.032 0.027 0.027 0.029 0.044 0.038 0.043 0.045 
Significance ns ns ns ns ns ns ns ns ns 
Year 1 1.817 2.139 1.950 1.828 2.102  
Year 2 1.729 2.275 1.986 1.638 2.006  
s.e.d 0.062 0.022 0.022 0.026 0.225  
Significance ns ** ns 
Farm 1 1.747 2.348 2.127 1.822 2.145 2.247 2.082 1.746 2.124 
Farm 2 1.799 2.066 1.809 1.644 1.963 2.056 1.702 1.633 1.987 
s.e.d 0.059 0.022 0.025 0.027 0.024 0.036 0.036 0.032 0.034 
Significance ns 
B. Type l 1.854 2.173 1.927 1.692 2.031 2.110 1.913 1.724 2.039 
2 1.765 2.182 1.936 1.736 2.051 2.160 1.886 1.759 2.063 
3 1.757 2.190 1.920 1.696 2.063 2.184 1.876 1.686 2.066 
4 1.717 2.281 2.088 1.808 2.071 - - - - 
s.e.d 0.064 0.069 0.074 0.090 0.100 0.042 0.046 0.122 0.044 
Significance * ns * ns ns ns ns ns ns 
Preg 	0  2.070 - - - 
1  1.872  1.913 1.647 2.046 
2  1.906  1.886 1.612 1.938 
3  2.023  1.876 1.811 2.084 
s.e.d  0.052  0.046 0.097 0.081 
Significance *** ns ns ns 
Note: 	= P <0.001, ** = P <0.01, * = P <0.05, ns = non significant 
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Table 4.4. The effects of line, year, farm, birth type, and pregnancy on monthly muscle depth gain 
from weaning to lamb weaning 2 (cm) 
























Line  0.0305 -0.0500 -0.0601 0.1333 0.0258 -0.1023 -0.1023 0.1230 
F 0.0306 -0.0529 -0.0738 0.1473 0.0205 -0.0853 -0.0853 0.1277 
s.e.d 0.0015 0.0061 0.0125 0.0099 0.0054 0.0255 0.0255 0.0186 
Significance ns ns ns ns ns ns ns ns 
Year 1 0.0243 -0.0373 -0.0155 0.1252  
2 0.0368 -0.0657 -0.1185 0.1554  
s.e.d 0.0013 0.0054 0.0131 0.0101  
Significance ns  
Farm 1 0.0371 -0.0416 -0.0852 0.1472 0.0197 -0.1600 0.1168 0.1168 
2 0.0240 -0.0614 -0.0488 0.1335 0.0267 -0.0276 0.1339 0.1339 
s.e.d 0.0015 0.0068 0.0070 0.0105 0.0051 0.0305 0.0235 0.0235 
Significance ** ns * ns 
B. Type 1 0.0255 -0.0533 -0.0674 0.1389 0.0121 -0.0553 -0.0618 0.1297 
2 0.0271 -0.0487 -0.0723 0.1325 0.0176 -0.0519 -0.0505 0.1036 
3 0.0309 -0.0606 -0.0602 0.1496 0.0218 -0.0717 -0.0691 0.1528 
4 0.0387 -0.0433 -0.0679 - - - - - 
s.e.d 0.0046 0.0197 0.0472 0.0134 0.0993 0.0111 0.0545 0.0428 
Significance ** ns ns ns ns ns ns ns 
Preg 	0  -0.0346  
1  -0.0815  -0.0319 -0.0877 0.1241 
2  -0.0869  -0.0646 -0.1206 0.1242 
3  -0.0029  -0.0825 -0.0731 0.1278 
s.e.d 1 0.0141 __________ __________ __________ 0.0117 0.0470 0.0315 
Significance *** ns ns 
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Changes in muscle depth were similar in both lines. MD increased from 
weaning to pre-tupping, then declined during pregnancy (Winter) to lamb 
marking and finally increased again to lamb weaning (Spring). However, the 
differences in means between lines were not significant for both MID and MDG. 
At the second parity, both MD and MDG were similar to those at the first 
parity. MD and MIDG declined during Winter and then recovered again from 
Spring to Summer. 
The effect of birth type on MI) was significant at weaning and pre-lambing and 
then was not significant thereafter. At weaning the single lambs had 
significantly thicker MID than twins, and the MID varied according to the 
number of lambs. If more lambs were born, the MD was smaller. Interestingly, 
this pattern in MID was reversed at pre-tupping even though this was not 
significant. However, the effect of birth type on MDG was highly significant 
(P<0.01) from weaning to pre-tupping, when the single lambs had the lowest 
gains. The gain went up with an increase in litter size. In addition, the effect of 
birth type on MDG was not significant after weaning. 
The effect of farm on MD and MDG is illustrated in Figures 4.7 and 4.8. The 
lambs reared in Farm 2 had similar MID to those reared in Farm 1. Subsequent 
increases, however, were significantly less in Farm 2 up to lamb weaning 2. 
The effect of different harshness of different farms was influential on MDG 
with the exception at lamb weaning and lamb weaning 2, where the ewes which 
were reared in Farm 2 (much harsher than Farm 1) had lower gain than those 
reared in Farm 1. 
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EFFECT OF FARM ON MUSCLE DEPTH 
Figure 4.7. Differences in means between farms in muscle depth 
from weaning to lamb weaning 2 
EFFECT OF FARM ON MONTHLY MUSCLE DEPTH CAIN 
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The effect of pregnancy was significant on Ml) (P<0.00 1) at the first parity, but 
not significant in the second parity. The effect of pregnancy on MIDG was 
significant at both the first and second parities. The effect of rearing type on 
MDG, however, was not significant in both first and second parities. 
4.1.3. Avera2e Fat Denth 
Fat depth is an interesting trait as selection for leanness is principally 	a 
function of fat depth. Differences in means between lines and the significance 
of fixed effects on average fat depth (AVF) and monthly average fat depth gain 
are presented in Tables 4.5 and 4.6 and Figures 4.9 and 4.10. 
AVF increased from weaning to pre-tupping, then declined sharply to pre-
lambing, and finally increased again up to weaning. Changes in AVFG in fat 
lines were greater than in the lean line; there was a greater decline than in the 
lean line during Winter (pre-lambing), and then a higher increase than in the 
lean line during Spring (lamb weaning). The changes in AVF in the second 
parity were similar to those in the first parity, however the differences between 
line were larger. In general, deposition of fat occurred during Spring and 
Summer and mobilisation during Winter. 
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Table 4.5. The effects of line, year, farm, birth type, and pregnancy on average fat depth from weaning to 
lamb weaning 2 (cm) 
















Line L 0.2032 0.3875 0.1001 0.1221 0.2651 0.4040 0.1023 0.1302 0.2973 
F 0.2252 0.4355 0.1212 0.1385 0.2988 0.4867 0.1871 0.1705 0.3600 
s.e.d 0.0081 0.0179 0.0064 0.0046 0.0123 0.0238 0.0095 0.0150 0.0231 
Significance ** ** ** ** ** 
Year 1 0.2376 0.3191 0.1269 0.1172 0.3091  
2 0.1908 0.5039 0.0944 0.1434 0.2547  
s.e.d 0.0265 0.0134 0.0609 0.0055 0.0118  
Significance ns ns 
Farm 1 0.2184 0.4711 0.1614 0.1399 0.2810 0.4601 0.1575 0.1626 0.3225 
2 0.2100 0.3519 0.0599 0.1207 0.2829 0.4007 0.0925 0.1081 0.3349 
s.e.d 0.0026 0.0139 0.0082 0.0032 0.0079 0.0251 0.0113 0.0017 0.0236 
Significance ** ns * *** *** flS 
B. Type 1 0.2541 0.4631 0.1239 0.1373 0.2797 0.4326 0.1229 0.1690 0.3304 
2 0.2067 0.4252 0.1236 0.1371 0.2723 0.4198 0.1212 0.1707 0.3121 
3 0.2120 0.4250 0.1117 0.1263 0.2774 0.4387 0.1398 0.1303 0.3435 
4 0.1839 0.3329 0.0833 0.1204 0.2983 - - - - 
s.e.d 0.0274 0.0446 0.0243 0.0224 0.0648 0.0292 0.0139 00335 0.0298 
Significance ** ** ns ns ns ns ns ns ns 
Preg 	0  0.1160 - - - 
1  0.1087  0.1329 0.1617 0.3603 
2  0.1112  0.1245 0.1571 0.3440 
3  0.1068  0.1376 0.1773 0.3317 
s.e.d  0.017  0.0146 0.0281 0.0222 
Significance  ns ns ns ns 
Note: 	= P <0.001, ** = P <0.01, * = P <0.05, ns = non significant 
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Table 4.6. The effects of line, year, farm, birth type, and pregnancy on monthly average fat depth gain 
from weaning to lamb weaning 2 (cm) 
























Line  0.0138 -0.0689 0.0129 0.0488 0.0419 -0.0620 0.0114 0.0228 
F 0.0148 -0.0787 0.0110 0.0650 0.0416 -0.0788 0.0128 0.0332 
s.e.d 0.0008 0.0036 0.0037 0.0060 0.0044 0.0059 0.0130 0.0166 
Significance ns ** ns ** ns ** ns ns 
Year 1 0.0074 -0.0478 -0.0040 0.0833  
2 0.0212 -0.0998 0.0279 0.0305  
s.e.d 0.0007 0.0029 0.0041 0.0062  
Significance  
Farm 1 0.0173 -0.0741 0.0033 0.0506 0.0442 -0.0731 -0.0067 0.0221 
2 0.0113 -0.0735 0.0206 0.0633 0.0394 -0.0778 0.0280 0.0338 
s.e.d 0.0010 0.0033 0.0023 0.0063 0.0032 -0.0058 0.0023 0.0114 
Significance ns ns ns ns ns ns 
B. Type 1 0.0150 -0.0814 0.0047 0.0558 0.0443 -0.0761 0.0134 0.0492 
2 0.0157 -0.0714 0.0048 0.0512 0.0416 -0.0727 0.0156 0.0315 
3 0.0159 -0.0763 0.0033 0.0637 0.0395 -0.0775 0.0128 0.0326 
4 0.0106 -0.0661 0.0351 - - - - - 
s.e.d 0.0031 0.0096 0.0159 0.0083 0.0075 0.00689 0.0235 0.0124 
Significance ns ns ns ns ns ns ns ns 
Preg 	0  -0.0595 - - - 
1  -0.0752  -0.0687 -0.0045 0.0268 
2  -0.0781  -0.0737 -0.0052 0.0273 
3  -0.0825  -0.0839 -0.0303 0.0398 
s.e.d  0.0068  0.0072 0.0201 0.0153 
Significance 
* ns ns 
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The effect of line was influential on AVF at all measurements in both the first and 
second parities, in which the fat line had a significantly thicker A\'F than the lean 
line. In terms of AVFG, the differences in means between lines were just 
significant for gain from pre-lambing to lamb weaning and pre-lambing 2. 
The effect of birth type on AVF is nearly similar to those of both MID and LWT. 
It was significant from weaning to pre-tupping, and then not significant 
afterwards. The effect of birth type on AVFG, however was not significant at all 
measurements. The single lambs had the thickest AVE (0.2541 cm) at weaning, 
followed by triplets (0.2120 cm), twins (0.2067 cm) and quadruplets (0.1874 cm). 
The effect of birth type on pre-tupping was consistent as the single lamb had the 
thickest AVF, followed by twins, triplets and quadruplets, respectively. 
The effects of farm on AVF and AVFG are displayed in Figures 4.11 and 4.12. 
They were significant at all measurements in both the first and second parities 
with the exception of at lamb weaning and 2nd lamb weaning. The lambs reared 
under much harsher hill condition (Farm 2) had a lower AVF than those bred in 
Farm 1. The effect of farm on AVFG, however, was significant on gain from 
weaning to pre-tupping and gain from pre-lambing to lamb marking. 
The effect of pregnancy was not significant on AVF for both the first and second 
parities but it was significant on AVFG where the ewes carrying triplets mobilised 
the greatest fat followed by those carrying twins, singles and barrens, respectively. 
The effect of rearing type was not influential on both AVE and AVFG. 
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Figure 4.11. Differences in means between farms in average fat depth 
from weaning to lamb weaning 2 
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Figure 4.12. Differences in means between farms in monthly 
average fat depth gain from weaning to 
lamb weaning 2 
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4.1.4. Condition Score 
Differences in means between lines and the significance of fixed effects on CS 
from pre-tupping to lamb weaning 2 are displayed in Table 4.7 and Figure 4.13. 
Figure 4.13 shows the changes in condition score (CS) along with the age of the 
ewes. In the first parity, CS declined from pre-tupping to lamb marking and 
then was regained by lamb weaning. In the 2nd parity, it tended to be stable 
from lamb weaning to pre-tupping 2, declined to pre-lambing 2, and finally 
recovered again during lamb marking 2 (Spring) up to lamb weaning 2. The 
differences in means between' lines were not significant at all measurements, 
with an exception at lamb weaning 2. The effect of year was significant at all 
measurements in the first parity. 
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Figure 4.13. Differences between lines in condition score 
from pre-tupping to lamb weaning 2 
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Table 4.7. The effects of line, year, farm, birth type, and pregnancy on condition score from pre-tupping to 
lamb weaning 2 
















Line L 2.958 2.532 2.380 2.765 2.755 2.189 2.368 2.706 
F 2.965 2.556 2.381 2.780 2.784 2.251 2.405 2.801 
s.e.d 0.044 0.039 0.033 0.035 0.037 0.043 0.042 0.048 
Significance ns ns ns ns ns ns ns * 
Year 1 3.090 2.872 2.470 2.812  
2 2.833 2.216 2.291 2.733  
s.e.d 0.032 0.032 0.028 0.029  
Significance *** *** *** ** 
Farm 1 3.201 2.453 2.197 2.747 2.848 2.070 2.125 2.706 
2 2.723 2.635 2.564 2.799 2.692 2.370 2.647 2.901 
s.e.d 0.033 0.038 0.033 0.035 0.046 0.054 0.053 0.047 
Significance *** *** *** ns ** ** 
B. Type 1 3.120 2.648 2.403 2.736 2.796 2.279 2.471 2.815 
2 3.042 2.594 2.369 2.740 2.748 2.222 2.432 2.814 
3 3.043 2.562 2.337 2.675 2.765 2.160 2.356 2.783 
4 2.642 2.371 2.412 2.939 - - - - 
s.e.d 0.107 0.022 0.104 0.109 0.053 0.067 0.067 0.0606 
Significance  ns ns ns ns ns ns 
Preg 	0  2.5 87 - - - 
1  2.560  2.283 2.352 2.982 
2  2.568  2.218 2.218 2.847 
3  2.462  2.160 2.189 2.783 
s.e.d  0.066  0.072 0.086 0.096 
Significance  ns ns ns ns 
Note: 	= P <0.001, ** = P <0.01, * = P <0.05, ns = non significant 
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The effect of birth type on CS was significant at pre-tupping and pre-lambing, 
when the lambs from larger litters had lower scores. The effect of farm was 
influential on CS at all measurements with an exception at lamb weaning. The 
ewes reared in Farm 1 had higher scores during Spring and Summer than those 
reared in Farm 2, however during Winter the score was reversed (Figure 4.14). 
In addition, the effects of pregnancy and rearing type were not significant on 
CS at all measurements. 
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Figure 4.14. Differences in means between farms in condition score 
from pre-tupping to lamb weaning 2 
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4.2. Discussion 
In general, LWT, MID, AVF exhibited similar patterns of change over time 
with increases of tissue deposit during Spring and Summer and mobilisation of 
reserve during Winter. 
Live weight accelerated from birth and seemed to cease from pre-tupping. The 
cessation of LWT at pre-tupping may be due to two reasons: Firstly, at pre-
tupping (in October) the ewes were about 20 months of age and had reached 
sexual maturity(average age at maturity is 12 months of age), when whole body 
gain decreased gradually. Sexual maturity has been used widely as an indicator 
of development and maturation when the growth curves change to the self-
inhibiting phase. Secretion of oestrogen is also responsible for changing 
growth patterns. Oestrogen presumably acts through enhancing secretion of 
growth hormone, which should increase mature size. An increase in mature 
size automatically increases growth rate at a specified weight. In contrast, by 
hastening the closure of the growth plate, oestrogen should limit mature size 
(Owen, 1993). Another aspect is that at puberty anabolic resources could be 
consumed for optimum reproductive performance (Currie, 1988). Secondly, 
in October (Autumn) the herbage on the hill was becoming limited and 
considerably depleted in nutritive value, especially protein content (Beit, 
1989). On the other hand, the ewes also had to withstand adverse climate 
condition . They compensated for heat loss to the environment by mobilising 
energy reserves in their body such as from muscle and fat. This situation 
continued to Winter (Pre-lambing) and the ewes started losing weight. Russet 
et al. (1968) found that the 20% of body weight loss during Winter was 
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composed of 51% fat, 14% water and 20% protein. A clear example of weight 
loss due to climatic condition is in LWTG (figure 4.4) when the ewes lost 
weight from pre-tupping to lamb marking. 
The changes in muscle depth may be caused by similar reasons to those 
affecting LWT. Loss of LWT may be associated with declining MID. In 
addition, muscle as a resource of energy is mobilised during Winter and 
gestation. The ultimate energy carrier in the muscle is ATP. Muscle also 
stores additional energy in the form of creatin phosphate that can easily be 
mobilised for supply of ATP. Despite the reserve of creatin phosphate, the total 
amount of high energy phosphate is probably only sufficient for a few seconds 
of activity. The major reserve energy in muscle is glycogen, a storage polymer 
of glucose. It is rapidly broken down to a monomer, and then to acetyl 
coenzyme A(CoA) for further degradation to CO2, H20 and energy in the case 
of loss of nutrition and hostile climate during Winter (Currie, 1988). Another 
possibility is that a decline in MD may be caused by mobilisation of intra-
muscular fat that also acts as an energy reserve. 
A sharp reduction in fat depth during pre-lambing to lamb marking is due to 
several reasons. Firstly, fat is utilised for the deposition of foetal tissue for 
non-shivering thermogenesis of lambs during pregnancy. Secondly, fat is used 
for balancing the heat loss to the environment by increasing metabolic rate 
(Slee, 1968), and finally fat is an extra nutrient requirement during pregnancy. 
It is broken down into free fatty acids and carried into the blood for oxidation. 
The energy produced is related to the amount of circulating free fatty acids 
mobilised from fat (Slee, 1968). 
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The effect of line was not influential on both LWT and MD because the sires 
were selected to alter lean composition (as a function of AVF) without 
changing body weight. The effect of line was influential on AVF from 
weaning to lamb weaning 2 as the fat line had significantly thicker AVF than 
the lean line did. The result demonstrated that the rams that had been selected 
for leanness in intensive conditions have been effective in altering AVF under 
harsh conditions. In terms of AVFG, the differences in means between lines 
were not significant from weaning to pre-tupping and pre-lambing to lamb 
marking in both the first and second parities. This may be due to 
environmental conditions. From pre-lambing to lamb marking (during Winter), 
fat was still being mobilised in order to maintain energy during cold periods, to 
sustain the foetus before birth, and for use in lactation after birth, which caused 
less variation among the ewes in both lines. This is also a reason for the 
nonsignificance of pregnancy effects on AVE When milk production of the 
ewes decreased after lamb marking, at a time when the herbage was still 
plentiful, the ewes demonstrated their real genetic potential for fat deposition, 
with the fat line depositing significantly more fat than the lean line to lamb 
weaning 1 and lamb weaning 2. However, when the forage in the field was 
becoming limited, fat gain was not significantly different between lines. In 
conclusion, the difference between line in AVF can be predicted from sire 
genotype, however AVFG is strongly influenced by environmental conditions, 
and will not necessarily differ between lines at certain times of the year. 
In general the effect of birth type was similar for all observed traits. It had a 
significant effect on early growth and then not afterwards. The effect of birth 
type on LWT was significant from birth to pre-tupping but it was only 
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significant prior to weaning on LWTG, when the lambs were still being reared 
by their dams. The effect of birth type on LWT caused the single lambs to have 
the heaviest weight, followed by twins, triplets and quadruplets although it was 
not significant after pre-tupping. These results indicate that lower live weights 
in twins or triplets compared to singles may be due to lower individual birth 
weights and /or lower intake of milk. 
The effect of birth type on MD was significant at weaning and pre-lambing and 
then was not significant thereafter. At weaning the single lambs had 
significantly thicker MD than twins, and then MD varied according to the 
number of lambs. If more lambs were born, the MID was smaller. Interestingly, 
this pattern in MD was reversed at pre-tupping even though this was not 
significant. The effect of birth type on MPG was highly significant (P<O.Ol) 
from weaning to pre-tupping, when single lambs had the lowest gain. The gain 
went up with an increase in litter size. This may be due to compensatory 
growth. Prior to weaning, all lambs were mainly dependent on the dams. The 
single lambs had a better opportunity to grow than from multiple births, due to 
milk given by the dams. After weaning the lambs had to survive on the hill; 
the lambs from multiple births, which were restricted before, grew faster than 
did the single lambs. In conclusion, lambs from larger litters deposit muscle 
relatively faster than do lambs from smaller litters, after weaning. 
The difference between litters in AVF seems not to be consistent at weaning. 
The single births had the thickest AVF followed by triplets, twins and 
quadruplets, respectively. However, consistency was becoming obvious from 
pre-tupping when the single lambs had the thickest AVF followed by twins, 
triplets and quadruplets. Fat thickness decreased along with the number of 
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lambs although it was not significant after pre-tupping. Unfortunately, it is not 
known whether the difference in AVF at weaning between litters is due to litter 
effects or preferential feeding of multiple birth ewes prior to weaning. Non-
significance of the effect of birth type on AVFG from weaning to lamb 
weaning 2 indicated that lambs from larger litters deposited AVF relatively 
faster than those from smaller litters. Therefore, it can be concluded that 
inconsistencies in AVF at weaning are due to preferential feeding of multiple 
birth prior to weaning. Lambs from smaller litters have thicker AVF up to pre-
tupping, and the lambs from larger litters have, relative to their body weight, a 
faster rate of fat deposition than do the lambs from smaller litters. 
The effect of farm was influential on LWT at all measurements with the ewes 
reared in Farm 2, which was much harsher than Farm 1, having a lower LWT 
than those reared in Farm 1. This can be explained by the fact that in Farm 2 
the ewes had to survive nutritional deprivation and adverse climatic conditions 
especially during Winter. Limited nutrition forced the ewes to acclimatise 
through increased utilisation of body reserves. The study carried out by Slee 
and syskes (1967) on Scottish Blackface, for example, revealed that those 
sheep exposed to 8 °C under a low plane of nutrition lost 20% of their body 
weight. In terms of LWTG, the ewes bred in Farm 1 showed a greater 
fluctuation than those bred in Farm 2. The ewes bred in Farm 1 showed a 
greater rate of gain during Spring, but there was a greater decline during 
Winter than the ewes bred in Farm 2. It seems that the ewes bred in Farm 2 
were more resistant to cold or efficient in mobilisation of body reserves than 
those bred in Farm 1. Lack of significance of farm on LWTG at lamb marking 
1 and lamb marking 2 may be due to the feeding regime in Farm 2 where the 
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multiple bearing ewes were reared under improved pasture. The interaction 
between birth type and farm from birth to weaning and the interaction between 
farm and pregnancy at pre-lambing were found to be significant because of this 
management regime. The significant difference between farms may also be 
partly due to genotype, in terms of the genes inherited from their dams, in 
addition to environmental reasons as the ewes bred in Farm 2 had a lower 
weight at maturity than those bred in Farm 1. 
The effect of farm on MD and AVF generally exhibited similar patterns to that 
of LWT. On AVF, for instance, lambs reared under much harsher hill 
conditions (Farm 2) had lower AVF than those bred in Farm 1. However, at 
lamb weaning they were not different. The interaction between farm and line 
and farm and pregnancy were also significant at these stages due to this 
management regime. 
The effect of farm on AVFG, however, was not significant after lamb weaning. 
It seems that the ewes bred in Farm 2 have become adapted to certain changes 
of the environment. Whenever animals are exposed to an environment radically 
different from that in which they have evolved over a period of time, they will 
try to adapt through certain changes (Owen, 1992). Genetic control of 
adaptability, for example, is an important aspect for animals bred in different 
environments. It is possible that the ewes reared in Farm 2 might be more 
efficient in mobilising fat reserves when environmental conditions change. 
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4.3 Conclusions 
In general the development of body mass, muscle depth, average fat depth and 
condition score exhibited similar patterns. They increased from weaning to 
pre-tupping, dropped from pre-tupping to lamb marking, and finally recovered 
again up to lamb weaning. In the second parity, the changes in the observed 
traits were also similar to those in the first parity. Differences in means 
between lines also took a parallel course in which the fat line (line F) had 
significantly thicker average fat depth than the lean line (line L) at all 
measurements, but the differences between sire lines in live weight, muscle 
depth and condition score were not significant because sire lines had been 
selected for reduced fat without change in body weight. 
Changes between lines in average fat depth gain followed the seasons. The fat 
line showed a greater increase than the lean line from weaning to pre-tupping 
(Autumn), then the rate of fat deposition declined below that of the lean line to 
lamb marking, and subsequently showed a greater increase than the lean line up 
to lamb weaning (late Spring). The changes in AVFG at the second parity 
were similar to those in the first parity but the changes in MDG and LWTG due 
to sire lines were not significant. 
Different degrees of harshness in the different farms were influential on live 
weight, muscle depth and average fat depth. Farm 2, which is much harsher, 
produced lower live weights, muscle depths and average fat depths. This may 
be due to genotype and environmental reasons. 
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The effect of birth type was influential on live weight, muscle depth and 
average fat depth during early growth but decreased when the lambs were no 
longer dependent on the dam performance. Compensatory growth occurred in 
this experiment; the lambs from larger litter sizes had significantly higher rates 
of AVFG, LWTG and MDG after being exposed to hill conditions than did the 
smaller litters (after weaning), and finally they caught up with their single 
contemporaries at pre-tupping. 
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Genetic and Phenotypic Parameters of 
Live Weight, Muscle Depth, Average 
Fat Depth and Condition Score 
5.1. Results 
5.1.1. Heritability and Common Environmental Effect 
Estimates of heritability for only direct additive genetic effects (Model 1), 
obtained using a multivariate animal model with REMILPK are presented in 
Table 5.1. 
The estimates of heritability for first parity measurements ranged from 0.35 to 
0.70 for LWT, 0.27 to 0.43 for MD, 0.09 to 0.38 for AVF, and 0.13 to 0.30 for 
condition score. The heritability of all traits increased from birth and reached 
the highest values at pre-tupping, and then decreased to lamb weaning. The 
estimates of heritability in the second parity ranged from 0.55 to 0.61 for LWT, 
0.29 to 0.35 for MD, 0.10 to 0.23 for AVF and 0.08 to 0.23 for condition score. 
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Table 5.1. Estimates of heritability for direct additive genetic effects 
obtained using a multivariate animal model with REMILPK 
(Standard errors in parentheses) 
Traits Live Weight Muscle Depth [Av. Fat Depth Con. Score 
Birth 0.35 (0.10) - - - 
Weaning 0.42 (0.09) 0.30 (0.09) 0.27 (0.09) - 
Pre-tupping 0.70 (0.13) 0.43 (0.11) 0.38 (0.11) 0.30 (0.10) 
Pre-lambing 0.47 (0.13) 0.27 (0.10) 0.15 (0.06) 0.16 (0.07) 
Lamb marking 0.57 (0.17) 0.35 (0.14) 0.09 (0.05) 0.13 (0.06) 
Lamb weaning 0.45 (0.11) 0.39 (0.10) 0.11(0.06) 0.15 (0.06) 
Second Pre- 0.55 (0.19) 
tupping  
0.33 (0.19) 0.23 (0.13) 0.18 (0.11) 
Second pre- 0.55 (0.20) 
lambing  
0.29 (0.12) 0.10 (0.05) 0.10 (0.08) 
Second lamb 0.61 (0.13) 
marking  
0.34 (0.16) 0.15(0.09) 0.08 (0.06) 
Second lamb 0.60 (0.12) 
weaning  
0.35 (0.13) 0.18 (0.10) 0.23 (0.11) 
The trends of changes in heritability values were not similar to those in the first 
parity. The highest values were reached at 2nd lamb weaning for LWT, MID 
and CS, and at 2nd pre-tupping for AVF. The trends in heritability estimates 
for this model for LWT, MD, AVF and CS taken over the first and second 
parity at different periods of their life cycle are illustrated in Figure 5.1. 
The estimates of heritability obtained with a model which included common 
environmental effects (c 2 /Model 2), for ewes born in 1991 and 1992 taken over 
the first parity, using a univariate animal model with DFREML are presented 
in Table 5.2. The estimates of heritability ranged from 0.21 to 0.53 for LWT, 
0.23 to 0.35 for MID, 0.06 to 0.28 for AVF and 0.10 to 0.29 for CS. 
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Figure 5.1. Trend of heritability at different points of 
the life cycle 
The c2 estimated values ranged between 0.15 and 0.00 for LWT, 0.14 and 
0.00 for MID, 0.10 and 0.00 for AVF, and 0.04 and 0.00 for CS. In the case 
where common environmental effects were equal to zero, the heritabilities were 
similar to those presented in Table 5.1. The highest values of heritability 
obtained using this second model, however, they were still consistent and were 
reached at pre-tupping. The values of c 2 were high at birth and then decreased 
along with age. In LWT, for example, the value of c 2 at birth was 0.15 and 
then decreased as the lambs grew older, and finally reached 0.00 at lamb 
weaning. Similar patterns occurred for MD, AVF and CS. 
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Table 5.2. Estimates of heritability (h 2) and Common environmental effects (c 2) in the first parity obtained 
using a univariate animal model with DFREML 
Traits Live Weight Muscle Depth Average Fat Depth Condition Score 
h2 c2 h2 c2  h 7, c2 h2 c2 	= 
Birth 0.21 (0.09) 0.15(0.06) - - - - - - 
Weaning 0.29 (0.15) 0.14(0.05) 0.23 (0.10) 0.14 (0.05) 0.24 (0.11) 0.10 (0.04) - - 
Pre-tupping 0.53(0.12) 0.09 (0.03) 0.35 (0.11) 0.01(0.00) 0.28 (0.11) 0.06 (0.03) 0.29 (0.10) 0.04 (0.00) 
Pre-lambing 0.32 (0.12) 0.05 (0.04) 0.24 (0.10) 0.00 (0.02) 0.06 (0.00) 0.02 (0.06) 0.20 (0.05) 0.00 (0.04) 
Lamb Marking 0.45 (0.13) 0.06 (0.05) 0.32 (0.12) 0.00 (0.02) 0.07 (0.02) 0.00 (0.03) 0.10 (0.05) 0.00 (0.03) 
Lamb Weaning 
[
0.43 (0.13) 0.00 (0.02) 0.34 (0.10) 0.00 (0.03) 0.14 (0.03) 10.00 (0.04) 0.14 (0.05) 0.00 (0.04) 
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5.1.2. Genetic and phenotypic correlations 
Genetic and phenotypic correlations fitting only direct additive genetic effects 
(Model 1), between the first parity traits for ewes born in 1991 and 1992, 
obtained using a multivariate animal model with REMLPK, are presented in 
Table 5.3 and 5.4. 
Correlations among measurements of live weight taken at different stages 
ranged between 0.24 and 0.98 for genetic correlations and 0.25 to 0.74 for 
phenotypic correlations. Correlations among different measurements of MD 
ranged from 0.69 to 0.87 for genetic correlation and 0.37 to 0.65 for phenotypic 
correlations. Correlations among different measurements of AVF ranged 
between 0.43 and 0.91 for genetic correlation and 0.13 and 0.53 for phenotypic 
correlation, respectively. The lowest genetic and phenotypic correlations were 
between AVF at weaning and lamb weaning, and the highest between AVF at 
pre-tupping and at pre-lambing. The genetic correlations among different 
measurements of CS were moderate to high and ranged between 0.40 and 0.82, 
whereas phenotypic correlations were moderate and ranged from 0.21 to 0.46. 
Interesting correlations are those between different traits measured at the same 
stage along in the life cycle. Genetic and phenotypic correlations between AVF 
and LWT from weaning to lamb weaning were positive and ranged between 
0.11 and 0.69, and 0.36 and 0.7 1, respectively. Genetic correlations between 
AVF and MD at a given stage showed similar pattern to those of AVF and 
LWT, and ranged from 0.27 to 0.51. Phenotypic correlations between AVF 
and MD were similar and ranged between 0.32 and 0.55. The highest genetic 
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correlations between A\'F and LWT and A\TF and MD were reached at 
weaning (0.69 and 0.51 respectively). The phenotypic correlations between 
AVF and LWT and A\TF and MD at weaning, however, were still positive and 
moderate (0.57 and 0.45 respectively). Finally, genetic and phenotypic 
correlations between AVF at different stages and birth weight were low ranging 
from 0.04 to 0.27, and 0.03 to 0. 10, respectively. 
Genetic correlations between MD and LWT were positive and high at weaning 
and pre-tupping and then decreased afterwards, but phenotypic correlations 
were high at weaning, decreased to lamb marking and then increased again to 
lamb weaning. The genetic correlations between CS and MD, and CS and LWT 
were generally positive and moderate to high, whilst phenotypic correlations 
were positive and low to moderate. 
Changes in genetic and phenotypic correlations between different 
measurements of the same trait at different ages were consistent, with the 
correlations decreasing as the time between measurements increased. The 
genetic correlation between MD at weaning and pre-tupping, for instance, was 
0.87, and the correlation subsequently decreased to 0.69 at lamb weaning. 
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Table 5.3. Genetic and phenotypic correlations for direct additive 
genetic between measurement of AVF, muscle depth MD, 
LWT, and CS at the first parity 
(standard errors in parentheses) 
Between Live Weights 
Traits 
correlated 
BW LWT1 LWT2 LWT3 LWT4 LWT5 
BW 0.41 (0.03) 0.36 (0.04) 0.30 (0.04) 0.25 (0.05 0.27 (0.04) 
LWT1 0.64 (0.15) 0.54 (0.02) 0.42 (0.03) 0.45 (0.03) 0.48 (0.03) 
LWT2 0.50 (0.16) 0.81 (0.06) 0.74 (0.02) 0.65 (0.03) 0.63 (0.02) 
LWT3 0.27 (0.22) 0.55 (0.11) 0.98 (0.01) 0.54 (0.03) 0.50 (0.03) 
LWT4 0.24 (0.17) 0.60 (0.17) 0.96 (0.01) 0.86 (0.03) 0.74 (0.02) 
LWT5 0.30 (0.27) 0.67 (0.17) 0.93 (0.03) 0.80 (0.12) 0.93 (0.02) 
Between Muscle depths 
Traits 
correlated 
MD1 MD2 MD3 MD4 MD5 
MD1 0.49 (0.03) 0.38 (0.03) 0.37 (0.04) 0.37 (0.03) 
MD2 0.87 (0.06) 0.42 (0.04) 0.42 (0.04) 0.45 (0.03) 
MD3 0.83 (0.08) 0.76 (0.11) 0.52 (0.03) 0.42 (0.03) 
MD4 0.73 (0.30) 0.69(0.10) 0.79 (0.17) 0.65 (0.03) 
MD5 0.69 (0.18) 0.86 (0.06) 0.75 (0.14) 0.81 (0.12) 
Between Average Fat Depths 
Traits 
correlated 
AVFI AVF2 AVF3 AVF4 AVF5 
AVF1 0.30 (0.03) 0.23 (0.03) 0.15 (0.04) 0.13 (0.03) 
AVF2 0.85 (0.05) 0.53 (0.02) 0.18 (0.02) 0.14 (0.02) 
AVF3 0.73 (0.12) 0.91 (0.05) 0.41 (0.03) 0.20 (0.03) 
AVF4 0.86 (0.14) 0.67 (0.22) 0.47 (0.24) 0.41 (0.03) 
AVF5 0.43 (0.03) 0.64 (0.23) 0.77 (0.15) 0.87 (0.12) 
Between Condition Scores 
Traits CS2 CS3 CS4 CS5 
correlated 
CS2 0.42 (0.03) 0.21 (0.03) 0.25 (0.04) 
CS3 0.82 (0.12) 0.30 (0.03) 0.28 (0.03) 
CS4 0.50 (0.11) 0.50 (0.27) 0.46 (0.03) 
CS5 0.40 (0.27) 0.49 (0.32) 0.46 (0.36) 
Note: Genetic correlation below diagonal; Phenotypic correlation above 
diagonal; BW = birth weight, ...l= weaning, ..2 = pre-tupping, ...3 = pre-
lambing, .. .4 = lamb marking and . . .5 = lamb weaning 
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Table 5.4. Genetic and phenotypic correlations between different 
traits measured at the same stage of the life cycle 
(standard errors in parentheses) 
Traits Correlated rg rp 
AVF1 x BW 0.22 (0.12) 0.10 (0.03) 
AV172 x BW 0.12 (0.10) 0.03 (0.03) 
AVF3 x BW 0.27 (0.22) 0.04 (0.03) 
AVF4 x BW 0.04 (0.20) 0.03 (0.03) 
AV175 x BW 0.18 (0.13) 0.03 (0.04) 
AVF1 x LWT1 0.69 (0.10) 0.57 (0.03) 
AVF2 x LWT2 0.24 (0.18) 0.48 (0.03) 
AVF3 x LWT3 0.26 (0.25) 0.45 (0.03) 
AVF4 x LWT4 0.61 (0.26) 0.36 (0.03) 
AV175 xLWT5 0.11 (0.10) 0.71 (0.02) 
AVF1xMD1 0.51 (0.14) 0.45(0.03) 
AVF2 x MD2 0.29 (0.13) 0.34 (0.03) 
AVF3 x MD3 0.27 (0.17) 0.36 (0.03) 
AVF4 x MD4 0.28 (0.20) 0.32 (0.03) 
AVF5 x MD5 0.50 (0.22) 0.55 (0.02) 
AVF2 x CS2 0.52 (0.17) 0.48 (0.03) 
AVF3 x CS3 0.57 (0.27) 0.44 (0.03) 
AVF4 x CS4 0.02 (0.12) 0.36 (0.04) 
AVF5 x CS5 0.84 (0.13) 0.71 (0.02) 
MD1 x LWT1 0.71 (0.09) 0.63 (0.03) 
MD2 x LWT2 0.71(0.13) 0.44 (0.03) 
MD3 x LWT3 0.26 (0.15) 0.25 (0.03) 
MD4 x LWT4 0.48 (0.26) 0.26(0.04) 
MD5 x LWT5 0.36 (0.17) 0.51 (0.02) 
MD2 x CS2 0.68 (0.14) 0.47 (0.03) 
MD3 x CS3 0.50 (0.24) 0.45 (0.03) 
MD4 x CS4 0.87 (0.11) 0.47 (0.02) 
MD5 x CS5 0.88 (0.11) 0.62 (0.02) 
LWT2 x CS2 0.45(0.16) 0.40 (0.03) 
LWT3 x CS3 0.57 (0.21) 0.39 (0.03) 
LWT4 x CS4 0.62 (0.18) 0.33 (0.03) 
LWT5 x CS5 0.27 (0.15) 0.53 (0.03) 
Note: rg = genetic correlation, rp = phenotypic correlation 
BW = birth weight,... 1 = weaning, ...2  = pre-tupping, 
.3 = pre-lambing, ...4  = lamb marking, .. .5  = lamb weaning 
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Genetic and phenotypic correlations for only direct additive genetic effects 
(Model 1) between traits measured at the second parity for ewes born in 1991 
are presented in Tables 5.5 and 5.6. 
Genetic correlations between different measurements of LWT were higher than 
those of the first parity and ranged from 0.91 to 1.00, however the phenotypic 
correlations were similar and ranged between 0.56 and 0.82. Correlations 
between different measurements of MD, AVF, MD and CS fluctuated and 
were not consistent. Correlations between MD measurements ranged from 0.28 
to 0.82 and 0.38 to 0.72 for genetic and phenotypic correlations, respectively. 
Genetic correlations among AVIF measurements were varied and ranged from 
0.04 to 0.63 but the phenotypic correlations were moderate and ranged from 
0.22 to 0.45. Genetic and phenotypic correlations among CS measurements 
were reasonably consistent with each other, and were smaller between 
measurements taken further apart in ages. Estimates ranged from 0.47 to 1.00 
for genetic correlations and 0.21 to 0.56 for phenotypic correlations, 
respectively. 
Genetic and phenotypic correlations for taken at the second parity between 
AVF and LWT were generally moderate and ranged from 0.22 to 0.48 and 0.29 
to 0.53, respectively. Genetic correlations between AVF and MID were low to 
high. The lowest correlation was that between AVF and MID at 2nd pre-
lambing (0.00) and the highest between AVF and MD at 2nd pre-tupping 
(0.63). Phenotypic correlations between AVF and MD were moderate to high 
and ranged from 0.41 to 0.63. 
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Table 5.5. Genetic and phenotypic correlations for direct additive 
genetic between measurement of AVF, muscle depth MID, 
LWT, and CS at the second parity 
(standard errors in parentheses) 
Between Live Weights 
Traits LWT6 LWT7 LWT8 LWT9 
correlated 
LWT6 0.67 (0.05) 0.75 (0.07) 0.61 (0.03) 
LWT7 0.99 (0.02) 0.82 (0.09) 0.56 (0.05) 
LWT8 0.95 (0.01) 1.00 (0.03) 0.73 (0.04) 
LWT9 0.91 (0.03) 0.93 (0.05) 1.00 (0.00) 
TOM  Jr. Me 
Traits MD6 MD7 MD8 MD9 
correlated 
M136 0.50 (0.04) 0.38 (0.09) 0.47 (0.06) 
MD7 0.57 (0.14) 0.64 (0.08) 0.51 (0.05) 
MD8 0.28 (0.24) 0.73 (0.12) 0.72 (0.06) 
MD9 0.82 (0.12) 0.57 (0.17) 0.60 (0.26) 
Between Average Fat Depths 
Traits AVF6 AVF7 AVF8 AVF9 
correlated 
AVF6 0.46 (0.03) 0.22 (0.10) 0.25 (0.05) 
AVF7 0.07 (0.28) 0.37 (0.02) 0.36 (0.03) 
AVF8 0.63 (0.26) 0.54 (0.27) 0.45 
AVF9 0.04 (0.36) 0.23 (0.13) 0.36 (0.27) 
Between Condition Scores 
Traits CS6 CS7 CS8 CS9 
correlated 
CS6 0.46 (0.04) 0.45 (0.08) 0.21 (0.05) 
CS7 0.72 (0.21) 0.43 (0.08) 0.43 (0.04) 
CS8 0.65 (0.32) 1.00 (***) 0.56 (0.10) 
CS9 0.47 (0.21) 0.57 (0.36) 1.00 () 
Note: Genetic correlation below diagonal; Phenotypic correlation above 
diagonal; ..6 = 2nd pre-tupping, . . .7 = 2nd pre-lambing, ...8 = 2nd lamb 
marking and . . .9 = 2nd lamb weaning, * * * : inestimable 
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Table 5.6. Genetic and phenotypic parameters between different 
traits measured at the same stage of the life cycle 
(standard errors in parentheses) 
Traits Correlated rg rp 
AVF6 x LWT6 0.36 (0.25) 0.29 (0.05) 
AVF7 x LWT7 0.22 (0.35) 0.26 (0.04) 
AV178 x LWT8 0.48 (0.07) 0.52 (0.02) 
AVF9 x LWT9 0.26 (0.14) 
1 
 0.53 (0.04) 
AVF6 x MD6 0.63 (0.23) 0.41 (0.05) 
AVF7 x MD7 0.00 (0.21) 0.41 (0.04) 
AVF8 x MD8 0.23 (0.22) 0.63 (0.05) 
AVF9 x MD9 0.58 (0.30) 0.62 (0.03) 
AVF6 x CS6 0.76 (0.24) 0.56 (0.03) 
AVF7 x CS7 0.90 (0.13) 0.52 (0.04) 
AVF8 x CS8 0.81 (0.21) 0.56 (0.07) 
AVF9 x CS9 0.98 (0.22) 0.74 (0.07) 
MD6 x LWT6 0.74 (0.18) 0.39 (0.05) 
MD7 x LWT7 0.80 (0.35) 0.39 (0.03) 
MD8 x LWT8 0.89 (***) 0.58 (0.02) 
MD9 x LWT9 0.72 (0.27) 
1 
 0.54 (0.04) 
MD6 x CS6 0.70 (0.25) 0.49 (0.04) 
MD7 x CS7 0.42 (0.28) 0.50 (0.04) 
MD8 x CS8 0.40 (0.10) 0.39 (0.09) 
MD9 x CS9 0.72 (0.21) 0.60 (0.03) 
LWT6 x CS6 0.42 (0.15) 0.39 (0.05) 
LWT7 x CS7 0.10 (0.56) 0.33 (0.04) 
LWT8 x CS8 1.00 (0.17) 0.35 (0.05) 
LWT9 x CS9 0.53 (0.25) 0.59 (0.04) 
Note : rg : genetic correlation 
rp : phenotypic correlation 
.6 : 2nd pre-tupping 
• . .7 : 2nd pre-lambing 
• . .8 2nd lamb marking 
.9 :2nd lamb weaning 
* * * 
: inestimable 
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Genetic correlations between A\TF and CS, and MD and LWT were generally 
high and phenotypic correlations were moderate for LWT and MD, and 
moderate to high for AVF and CS. Genetic and phenotypic correlations 
between MID and CS were moderate to high and ranged from 0.40 to 0.72 and 
0.39 to 0.60, respectively. 
Changes in genetic and phenotypic correlations (Model 1) taken over both the 
first and second parity, estimated between traits at the same stage of 
measurement are illustrated in Figure 5.2, 5.3, 5.4, 5.5. 
CHANGES IN GENETIC CORRELATIONS BETWEEN AVF,MD AND LWF 
Weaning 	Pre- 	Pre- 	Lamb 	Iamb 	Pre- 	Pre- 	Lamb 	Lamb 
tupping lambing marking weaning tupping lambing marking weaning 
2 	 2 	 2 	 2 
	
-- s -- AvfxLwt 	j AvfxMd -0--- MdiLwt 
Figure 5.2. Changes in genetic correlations between AVF, MID 
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Weaning 	Pre- 	Pre- 	Lamb 	Iamb 	Pre- 	Pre- 	Lamb 	Lamb 
hipping lambing marking weaning hipping lambing marking weaning 
2 	 2 	 2 	 2 
- - - - AvI x Cs —o-- Md a Cs 	A 	Lwt x Cs 
Figure 5.3. Changes in genetic correlations between CS, AVF, 
MD and LWT estimated at the same stage of 
measurement with age 










Weaning 	Pre- 	Pre- 	Lamb 	Iamb 	Pre- 	Pre- 	Lamb 	Lamb 
tupping lambing marking weaning hipping lambing marking weaning 
2 	 2 	 2 	 2 
—c--AvIxLwt ---Av1xMd 	....n-.- MdxLwt 
Figure 5.4. Changes in phenotypic correlations between AVF, MD 
and LWT estimated at the same stage of measurement 
with ages 
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Weaning 	Pre- 	Pre- 	Lamb 	Iamb 	Pre- 	Pre- 	Lamb 	Lamb 
tupping lambing marking weaning tupping lambing marking weaning 
2 	 2 	 2 	 2 
—s--- A s —a----- Mdx Cs  
Figure 5.5. Changes in phenotypic correlations between CS, AVF, 
MD and LWT estimated at the same stage of measurement 
with ages 
Changes in genetic correlations (subject to standard errors) between traits 
showed no consistent patterns (Figure 5.2 and 5.3). Correlations between AVF 
and MD and LWT and CS, for example, were variable over time and difficult to 
interpret. However, changes in phenotypic correlations were likely to be 
more consistent than those in the genetic correlations. Inconsistencies in 
changes in genetic correlations may be partly a reflection of higher standard 
errors these estimates relative to phenotypic correlations. 
The magnitude of phenotypic correlations declined from birth to pre-tupping, 
and then tended to stabilise to pre-lambing, with the exception of that between 
MD and LWT, which was still declining. Some correlations tended to be 
stable to lamb marking and the others slightly decreased. All correlations went 
up to lamb weaning, declined again to pre tupping 2, and finally tended to be 
stable to pre-lambing. 
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From pre-lambing 2 to lamb weaning 2, there were slightly different patterns. 
Generally all correlations increased to lamb marking 2 with the exception of 
those between MD and CS. Phenotypic correlations between AVF and LWT, 
AVF and MD, and MD and LWT were approximately stable to lamb weaning 2 
whilst the others increased. 
5.2. Discussion 
The estimates of heritability obtained fitting only direct additive genetic effects 
(Table 5.1) for LWT were generally higher than those of estimates obtained 
by such as Bishop (1993) Atkins (1986) in Scottish Blackface, Wolf et al. 
(1981) on six terminal breeds, Thrift et al. (1973) on Western sheep, Bennett, et 
al. (1991b) on Southdown x Romney, Waldron et al. (1992) on Romney and 
Cameron and Bracken (1992) on Texel-Oxford. However, they were lower 
than estimates obtained by Lee et al. (1990) and Lee et al. (1995) on grazing 
Merino ewes (tabulated in Table 2.2, Chapter 2). The estimates of heritability 
obtained with the model plus common environmental effects at early growth 
were generally in line than those estimates obtained by the authors above and 
by Mercer et al. (1994) on Texel, Suffolk and Charollais with the same model. 
High heritabilities obtained by fitting only direct additive genetic effects when 
ignoring permanent environmental effects at early growth may be inflated due 
to high permanent environmental effects for ewes which are reared under hill 
condition. The estimates of heritability obtained only direct additive genetic 
effects and when common environmental effects were fitted after weaning 
were also high, and they were in line with the estimates obtained by Lee et al. 
(1990) and Lee et al. (1995) who studied Merino ewes under extensive 
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conditions. Inflated heritabilities for LWT in this study may be due to several 
reasons; Firstly, the sires used in this experiment were from different strains of 
Scottish Blackface, which were of different sizes. Some dams used in Farm 2 
also came from Swaledale crosses, which may have made the genetic variances 
larger than expected. Secondly, genetic control of diet selection may 
contribute to an increase in genetic variation in ewes grazed under extensive 
conditions. Palatability, or general feed material such as texture, energy 
densities seem to be mediated. With access to a large variety of grasses, for 
example, some ewes may have preferred sweet grasses and others preferred a 
soft texture (Owen, 1992). Lamba (1989) also found that sheep are very 
selective grazers. They respond to variability in botanical composition and 
carefully select within a plant community. Thirdly, compensatory growth 
may have occurred in this study. Smaller animals that had been restrained in 
growth before weaning due to dam performance caught up after being exposed 
to the pasture, therefore reducing environmental variations (Bishop, per.com ). 
Taking an example of the effect of birth type, the lambs from larger litters grew 
relatively faster than those from smaller litters, catching up in weight at pre-
tupping at which point the highest heritabilities were reached. Finally, 
adaptation to a harsh environment was likely to be responsible for an increase 
in genetic variation in LWT. Adaptation to environmental conditions was seen 
to lead to genetic differentiation among strains for traits important to survival, 
including body size, coat character and feeding habits (Fitzhugh, 1994). The 
ewes from sires that had a high adaptability, for instance, grew faster when 
exposed to harsh conditions than those from sire with low adaptability. 
Heritabilities of MID were in line with estimates obtained by Bishop (1993), 
and Conington et al. (1994) on early growth of Scottish Blackface, Waldron et 
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al. (1992) in Romney and Mercer et al. (1994) in Texel, Suffolk and Charollais 
for early growth. Heritability of CS, however, was not considered in other 
studies. 
Estimates of heritability for A\TF in this study were generally lower than those 
obtained from previous studies such as Bishop (1993), Mercer et al. (1994) and 
Lee et al. (1990) and Lee et al. (1995). This may be because the sires were 
from divergent lines, representing the extreme of both lean and fat types. As 
the sires were basically selected for leanness, the variability in fat contributed 
by the sires was less than that expected in the base population. Therefore, the 
estimates of heritability were lower than expected. Bivariate analyses between 
SAC and Roslin traits (Chapter 6) will take account of all selection that has 
been done on the rams, thus estimates of heritability using this method are 
expected to be unbiased. Another possibility of low heritabilities of AVF is 
that harsh environment may have relatively increased environmental variance 
which finally leads to reducing heritabilities of AVF. 
The values of c2  (Model 2) in this study gave sensible results although the 
records were just from the ewes with, an average number of female full-sibs 
reared by a dam of 1.42 lambs. The values of common environmental effects 
in early growth to weaning were in line with estimates obtained by Mercer et 
al. (1994), Wolf et al. (1981) for fat depth at weaning, and Conington et al. 
(1994) for weaning estimates. However, no studies have described the 
importance of common environmental effects at different stages of the life 
cycle. Most of the estimates were obtained for early growth up to weaning. 
The estimates of heritability obtained with a model that included common 
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environmental effects were lower than when common environmental effects 
were not included. It seems that the values of c 2 are high in the early growth 
period, or when the lambs still depend mainly on dam performance. 
High common environmental effects during early growth caused heritabilities 
(Model 1) biased upward. This should be considered in selection for early 
growth. Another point is that the existence of common environmental effects 
bring about an increase in the correlation among sibs and finally leads to 
reduced accuracy of selection (Nicholas, 1987). Therefore, selection 
programmes in hill sheep should take account of the common environmental 
effects, which can be done by such as fitting common environmental effects in 
estimating heritability. 
The values of heritability obtained fitting direct additive genetic effects for 
LWT and MID at the first parity fluctuated with the age of the ewes and/or the 
seasons but after the ewes reached maturity (after pre-tupping) the estimates of 
heritability were remarkably stable. 
The estimates of heritability for AVF in the first and second parities, however, 
fluctuated more. They were generally low during winter and spring, and 
increased slightly during summer and autumn. The decline of heritabilities of 
AVF during winter and spring may be due to decreased additive genetic 
variances. At weaning (summer), for example, additive genetic variance (Va) 
was 0.00180 and error variance (Ve) was 0.00534. At pre-tupping (autumn) 
when the heritability and fat deposition were at maximal, the values of Va and 
Ve increased to 0.00605 and 0.01318, respectively. The increase of Va was 
higher than that of Ve, which made the heritability increased from 0.24 at 
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weaning to 0.28 at pre-tupping. At pre-lambing (winter), Va dropped five 
times lower than that at weaning, but the values of Ve were very close. The 
heritability of A\'F in this stage, thus, dropped to 0.06. 
Sensitivity of the ultrasonic machine in reading at low levels of AVF may also 
be responsible for less variation of AVF among individuals during pre-lambing 
and lamb marking. Low heritabilities in AVF in term of the low level of fat 
depth may result in asymmetric response for divergent selection for leanness 
with lower response to the leaner ewes. 
Genetic correlations between AVF and LWT, and AVF and MD were high at 
weaning. Selection for reduced fat depth at weaning is likely to result in 
reduced LWT and MD at weaning. Genetic correlations between AVF and 
LWT, and A\TF and LWT were low from pre-tupping to pre-lambing, after that 
the patterns fluctuated to lamb weaning 2. The magnitudes of the phenotypic 
correlations at pre-tupping and pre-lambing were also relatively lower than 
those at other stages. The highest values of heritability were reached at pre-
tupping. Therefore, selection for reduced fat at pre-tupping in ewes may result 
in the highest response in fat with a lower effect on the changes in both MD 
and LWT. However, this would be more expensive as the animals have to be 
kept longer. 
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5.3. Conclusions 
Estimates of heritability (Model 1) for live weight, muscle depth, average fat 
depth and condition score at the first and second parity obtained using a 
multivariate animal model are presented in Tables 5.1. The estimates increased 
from birth and reached their highest values at pre-tupping, then decreased and 
tended to be stable from lamb weaning to lamb weaning 2. The estimates of 
heritability obtained with a model that included c 2 (Model 2) are presented in 
the Tables 5.2. The values of heritability were still consistent and reached their 
highest values at pre-tupping. The values of c 2 were high at birth and 
decreased along with age of animals. The existence of c 2 led to inflated 
heritabilities for direct additive genetic effects in the early growth, if they were 
ignored in the estimation model, due to an increased in resemblance between 
full sibs. Hence, selection of ewes in early stage in harsh conditions should 
take into account common environmental effects, otherwise responses might be 
lower than expected. 
Genetic and phenotypic correlations (Model 1) between measurement of live 
weight, muscle depth, average fat depth and condition score taken over both the 
first and second parities are presented in Tables 5.3, 5.4, 5.5, and 5.6. High 
correlations were found between the same traits measured at different points of 
the life cycle. Changes in phenotypic correlations between traits showed 
similar patterns but the changes in genetic correlations were difficult to 
interpret. Moderate to high genetic and phenotypic correlations between AVF 
and LWT, and AVF and MID at weaning should also be considered. Selection 
for reduced fat at this stage is likely to result in reduced LWT and MD. 
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Selection for reduced fat in ewes at pre-tupping may result in the highest 
response with little changes in LWT and MD, however it may be more 
expensive to do this since the ewes have to be kept longer. 
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There were two reasons for using bivariate analyses: firstly, the rams used as 
sires in the SAC farms were a selected group of animals which were either very 
lean or very fat. Therefore within line the variation between sires may be less 
than expected if the sires were chosen at random from a population. 
Consequently, the heritabilities in the first analyses (multivariate and 
univariate) for traits such as fat depth may be biased downwards. The 
bivariate analyses take account of all information relating to the selection that 
has been done on these rams, therefore the heritabilities are expected to be 
unbiased. The analyses were focused on LEAN index as the primary Roslin 
trait, because this was the trait selected on. The second purpose of bivariate 
analyses is to estimate genotype by environment interactions. The genetic 
correlations between performance at Roslin (intensive environment) and SAC 
(harsh hill farms) show the interaction and also the effectiveness of selection in 
intensive condition if the offspring are reared in an extensive hill environment. 
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6.1. Results 
Heritabilities (Model 1) resulting from bivariate analyses incorporating LEAN 
(Roslin trait) and live weight, muscle depth, average fat depth and condition 
score (SAC traits) are presented in Table 6.1. 
Table 6.1. The estimates of heritability for direct additive genetic 
effects for SAC traits obtained using a bivariate animal 
model with DFREML with LEAN (Roslin trait) 
as the first trait (standard errors in parentheses) 
Traits LWTs 
[ 	
MDs AVFs CSs 
Birth 0.36 (0.09) - - - 
Weaning 0.43 (0.12) 0.34 (0.08) 0.29 (0.10) - 
Pre-mating 0.65(0.11) 0.45 (0.11) 0.38 (0.12) 0.34 (0.13) 
Pre-lambing 0.52 (0.10) 0.32 (0.10) 0.28 (0.12)_0.29 (0.13) 
Lamb marking 0.56 (0.11) 0.38 (0.13) 0.23 (0.10) .23 (0.10) 
V0.24 (0.11) Lamb weaning 0.47 (0.12) 0.40 (0.11) 0.29 (0.09)  
Note: LWT = Live weight 
MD = Muscle depth 
AVF = Average fat depth 
CS = Condition Score 
s 	SAC traits 
The estimates of heritability ranged from 0.36 to 0.65 for LWT, 0.34 to 0.45 for 
MD, 0.23 to 0.38 for AVF and 0.23 to 0.34 for CS. The patterns of changes in 
heritabilities were similar patterns to those for estimates in the first analyses. 
They reached their highest values at pre-tupping, and then decreased gradually 
to lamb weaning. 
The estimates of genetic correlations (Model 1) between Roslin traits at 
weaning and SAC traits at different point of measurements are presented in 
Table 6.2. 
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Table 6.2. Estimates of genetic correlation between Roslin traits 
(intensive condition) and SAC traits (extensive condition) 
obtained using a bivariate animal model with DFREML 
Correlated traits Weaning Pre-tupping Pre-lambing Lamb marking Lamb weaning 
LEANr x AVFs -0.75 -0.88 -0.72 -0.70 -0.68 
LEANrx MDs -0.23 -0.33 -0.33 -0.27 -0.23 
LEANr x LWTs 0.03 0.02 -0.02 0.02 0.03 
LEANr x CSs - -0.36 -0.34 -0.38 -0.31 
AVFr x AVFs 0.58 0.90 0.89 0.78 0.79 
AVFrx MDs 0.52 0.57 0.49 0.41 0.38 
AVFr x LWTs 0.03 0.16 0.23 0.13 0.26 
AVFr x CSs - 0.62 0.53 0.57 0.49 
MDr x MDs 0.80 0.90 0.85 0.81 0.89 
LWTrxLWTs 0.29 0.27 0.19 0.15 0.10 
Note : LEAN = Index predicting lean proportion 
s = SAC traits (extensive hill condition) 
= Roslin traits at weaning (intensive condition) 
Genetic correlations (Model 1) between LEANr at weaning and AVFs were 
negative and high ranging from -0.68 to -0.88. The values increased to pre-
tupping and then decreased gradually to lamb weaning. Genetic correlations 
between LEANr and MDs, and LEANr and CSs were generally moderate and 
negative ranging from -0.23 to -0.33 and -0.31 to -0.38, respectively. In 
addition, genetic correlations between LEANr and LWTs were close to zero 
ranging between -0.02 and 0.03. The changes in genetic correlations between 
LEANr and SAC traits are illustrated in Figure 6.1. 
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-..---- LEANri AVFs —o--- LEANrx MDs —cj--- LEANr x LWrs - -u - - LEANr x CSs 
Figure 6.1. Changes in genetic correlations between LEANr and 
SAC traits with age over the first parity 
Genetic correlations between AVFr and AVFs assessed at different stages of 
measurement ranged from 0.58 to 0.90. The value was moderate at weaning 
(0.58), greatly increased at pre-tupping (0.90) and then decreased to lamb 
weaning. Genetic correlations between AVFr and MIDs, and AVFr and CSs 
were generally positive and moderate to high, ranging from 0.38 to 0.57 and 
0.49 to 0.62, respectively. In addition, genetic correlations between AVFr and 
LWTs were positive and low to moderate, ranging between 0.03 and 0.26. The 
trends in of genetic correlations between AVFr and SAC traits are illustrated in 
Figure 6.2. 
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Weaning 	 Pre-.tupping 	 Pre-lambing 	 Lamb marking 	Lamb weaning 
-ü---- AVFr xAVFS 	, AVFr a MDs -0--- AVFr xLWTs - 	- AVFr a CSs ] 
Figure 6.2 Changes in genetic correlations between AVFr and 
SAC traits with age over the first parity 
Genetic correlations between MDr and MIN were positive and high, ranging 
between 0.81 and 0.90. The estimates increased from weaning to reach their 
highest values at pre-tupping, then decreased to pre-tupping, and finally tended 
to be stable thereafter. Genetic correlations between LWTr and LWTs were 
also positive but low to moderate and ranged between 0.10 and 0.29. The 
highest value, however, was reached at weaning. The patterns of genetic 
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Weaning Pre-tupping 	 Pre-.Iambing 	 Lamb marking 	Lamb weaning 
— u----MDrxMDS —o---LWTrxLWTs 
Figure 6.3. Changes in genetic correlations between LWTr and LWTs, 
and MIDr and MDs with age over the first parity 
6.2. Discussion 
The comparative performance at weaning of lambs reared in both between 
intensive and extensive environments is presented in Table 6.3. 
The largest difference between the two different management systems was in 
live weight, followed by muscle depth. However, the difference between 
management system in fat depth seems to be low. These values are presented 
for illustrative purposes only and may not be strictly comparable due to several 
reasons: 
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Table 6.3 Comparative performance between Roslm and SAC traits 
(Standard deviations in the parentheses) 
Traits Roslin Traits' SAC Traits2 
Weaning weight (kg) 43.6 (5.5) 27.1 (4.2) 
Muscle depth (cm) 2.35 (0.21) 2.43 (0.21) 
Average Fat Depth (cm) 0.22 (0.06) 0.21 (0.09) 
Roslin traits measurements are taken at 20 weeks after weaning 
2 SAC measurements are taken at 17 weeks at age 
(1) The ewe lambs reared in the SAC farm came from two different farms with 
two different management regimes. The performance of hill lambs in Farm 2 
was much poorer than those reared in Farm 1. In addition, the ewe lambs from 
both environments were pooled in this analysis; (2) The management system in 
Farm 2 was also different. The ewes carrying twin lambs, for example, were 
grazed in inbye pasture (improved pasture) whereas single-bearing ewes were 
grazed on the hill. This was likely to influence the performance of lambs at 
weaning in extensive conditions; (3) Ultrasonic measurements in the selection 
experiment were made using a different machine and were interpreted by a 
different person; and (4) The animals were measured at different ages, 17 
weeks in extensive and 20 weeks in intensive conditions, respectively (Bishop 
etal., 1994; Conington et al., 1994). 
A comparison of heritabilities for the first parity obtained using multivariate 
(Chapter 5) and bivariate analyses is presented in Table 6.4. 
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Table 6.4. Estimates of heritability for direct additive genetic effects obtained using 
multivariate (first analyses) and bivariate using animal models 
with DFREML (SAC traits) 
Traits Live Weight Muscle Depth 	Jj Average Fat depth 	•JJ Condition Score 
Mu! 
} 	
Biv Mu! Biv Mul Biv Mu! Biv 
Birth 0.35(0.10) 0.36(0.09) - - - - - - 
Weaning 0.42(0.09) 0.43(0.12) 0.30 (0.09) 0.34(0.08) 0.27(0.09) 0.29(0.10) - - 
Pre-mating 0.70(0.13) 0.65 (0.11) 0.43(0.11) 0.45 (0.11) 0.38(0.11) 0.38(0.12) (0.10) 0.34(0.13) 
Pre-lambing 0.47(0.13) 0.52 (0.10) 0.27(0.10) 0.32(0.10) 0.15(0.06) 0.28(0.12) 
[0.30 
(0.07) 0.29(0.13) 
am marking 0.57(0.17) 0.56 (0.11) 0.35(0.14) 0.38(0.13) 0.09 (0.05) 0.23(0.10) (0.06) 0.23(0.10) 
Lamb marking 0.45(0.11) 0.47(0.12) 0.39 (0.10) 0.40 (0.11) 0.11(0.06) 0.29 (0.09) (0.06) 0.24(0.11) 
Note: Mu! = multivariate (Chapter 5) 
Biv = bivariate analyses 
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The estimates of heritability for LWTs and IvilDs at all measurements obtained 
using both methods were very close. The largest differences in heritabilities were 
found for AVFs and CSs from pre-lambing to lamb weaning, but they were very 
close at weaning and pre-tupping. The effect of divergent selection for leanness 
on estimates of genetic and phenotypic parameters has not often been previously 
considered. However, Bishop et al. (1994) studied this effect on Scottish 
Blackface at weaning using a similar model to that used in this study. They 
combined two sets of weaning data from intensive conditions where the sires were 
selected, and from extensive conditions where the offspring were reared. In 
addition, genetic and phenotypic parameters for early growth traits of lambs in 
this study reared under extensive conditions had been estimated by Conington et 
al. (1994). The results indicated that the heritabilities within line for live weight 
and muscle depth (Conington et al., 1994) were only slightly affected, however 
the heritability of fat depth was biased downward as the sires were selected on an 
index dominated by fat depth. 
In this study, large differences of heritability were found in AVFs and CSs from 
pre-lambing to lamb weaning. The different estimates obtained using multivariate 
and bivariate analyses on CSs are reasonable as condition score is theoretically a 
method used to predict fat depth in live animals. Moreover, incorporation of 
pedigree from sire lines had little effect when heritabilities of AVSs and CSs were 
moderate. Bivariate analysis was likely to increase the estimates of heritability 
when the heritabilities within line obtained using a multivariate analysis were low. 
In other words, the bivariate analysis was more effective for estimating heritability 
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when genetic variation within lines in AVF due to sire effects was low and there 
was considerable between line variation which was ignored by the multivariate 
(within line) analyses. In the situations where the within line variation was 
moderate to high, the estimates were very close. 
Genetic correlations presented in Table 6.2 indicate the effectiveness of selection 
in intensive conditions if the offspring are reared under extensive condition, and 
also predict genotype by environment interaction (GEl). Previously published 
studies indicate that GEl has little consequence if animals were reared under 
intensive conditions or environments similar to those where they were previously 
reared. However if they were reared under extreme environments, superior 
animals often failed to perform to their genetic potential. Bishop et al. (1994) 
who studied Scottish Blackface over early growth reared under intensive and hill 
environments found that live weight and average fat depth at weaning were 
inferior if the offspring were reared under hill conditions but muscle depth was 
only slightly affected. 
In this study, genetic correlations between LEAN (Table 6.2) and AVFs imply 
that selection for increased leanness under intensive conditions is likely to be 
effective in reducing fat depths of ewes reared under extensive conditions at all 
stages of the reproductive cycle. However, it may result in a moderate decrease 
in MD and CS, with no effect on LWT. If selection in intensive conditions is 
based on reduced AVF, changes in AVF in extensive conditions are likely from 
pre-tupping, but there is also likely to be a moderate decrease in MD with a little 
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change in LWT. In addition, prediction of fat depth from CS is probably more 
effective if selection is based on fat depth instead of leanness. as the correlation 
was much greater with fat depth than with leanness. 
High genetic correlations between MIDr at weaning and MTDs at different 
measurements of life cycle showed that MD is only slightly affected by the 
changes in environment whilst selection of LWT under intensive conditions will 
be ineffective if the offspring are reared under extensive hill conditions. These 
results are in line with those have been found by Bishop et al. (1994). 
Subject to the other effects, high correlations between LEAN in intensive 
conditions and fat depth in extensive hill conditions may throw light on the 
improvement of carcass lean content. Selection for leanness of sires could be 
carried out in intensive conditions where the animals are easier to control and 
record than under extensive conditions, as one of the problems in genetic 
improvement of carcass composition in harsh environment is the difficulty in 
recording animals (Bishop et al., 1992). 
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6.3. Conclusions 
The estimates of heritability (Model 1) obtained using bivariate analyses for live 
weight and muscle depth (SAC traits) were very close to those obtained using 
multivaiate analyses (Chapter 5). The greatest changes in heritabilities obtained 
using this method was seen in average fat depths and condition score from pre-
lambing to lamb weaning. This method was likely to be effective in increasing 
heritabilities if genetic variation of fat depth within line (multivariate/univariate) 
were low, however if the genetic variations of fat depth was moderate to high, 
heritabilities estimated from the two methods were very close. 
Negative, high genetic correlations between LEAN measured in an intensive 
environment and fat depth in extensive conditions imply that selection for 
increased leanness in intensive conditions is likely to result in high reduced fat 
depth in extensive condition at all stages of the reproductive cycle, but also may 
cause a moderate reduction of muscle depth but no effect on live weight. If 
selection in intensive conditions is based on fat depth, a high change in fat depth 
in extensive conditions is probably expected from pre-tupping, but it may also 
cause a moderate reduction in muscle depth and no effect on live weight. High 
genetic correlations between MDr and MIDs intimate that muscle depth may only 
be slightly affected by changes in the environment, however live weight greatly 
affected by the environments and is inferior in the harsh environment. 
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Mathematical Models of Growth and 
Body Composition 
7. 1. Results 
7.1.1. Live weight 
Two models were fitted in the analyses of LWT starting from birth; (1) 
exponential and (2) logistic, and two models were fitted for the data starting 
from pre-tupping; (1) fourier and (2) dfourier. Results obtained fitting 
exponential regressions for overall means and means of each farms considered 
separately from birth are presented in Table 7.1 and Figures 7.1, 7.2, 7.3. 
Table 7.1. Exponential regressions of LWT starting from birth 
Components Overall means Means of Farms 
Farm! Farm  
a 48.28 51.57 45.91 
-45.64 -48.26 -42.88 
P 0.87 0.88 0.88 
r2 0.98 0.98 0.98 
s.e.o 2.36 2.66 2.54 
Note: r2 = coefficient of determination 
s.e.o = standard error of the observations 
Formula 	: 
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Fitting exponential regressions of LWT from birth for overall means showed 
similar results to those obtained fitting the means of farms separately. The r 2 
resulting from each of the 3 sets of fitted means were the same (0.98), but with 
slight differences in s.e.o. The lowest s.e.o resulted from overall means (2.36), 
followed by the means of Farm 2 (2.54) and Farm 2 (2.66). The asymptotic 
values (a) represented the weight at maturity of the ewes. Overall weights at 
maturity were 48.28 kg; with 51.57 kg for the ewes in Farm 2, and 45.91 kg 
for the ewes in Farm 2. This model, however, is not able to predict seasonal 
patterns of changes in LWT and their inflection points. 
Results from logistic regressions of LWT measured from birth for overall 
means and, means of farms considered separately are presented in Table 7.2, 
and Figures 7.4, 7.5, and 7.5. 
Table 7.2. Logistic regressions of LWT starting from birth 
Components Overall means Means of farms 
Farm! Farm  
a -1295 -1767 -1374 
0.14 0.133 0.13 
Y 1344 1819 1420 
-24.01 -27.04 -26.41 
r2 0.98 0.98 0.98 
s.e.o 2.52 2.85 2.72 
Note: r2 = coefficient of determination 
s.e.o = standard error of observation 
Formula :y, =a+ 
1 + exp(-3(xi - 
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The coefficients of determination for all fitted means were the same (0.98), but 
these were only slight differences in s.e.o. The lowest s.e.o resulted from the 
overall means analysis (2.52), followed by Farm 2 (2.72) and Farm 1 (2.85), 
respectively. Weight at maturity was represented by upper asymptote or a-i-y. 
Weights at maturity obtained using logistic regressions were close to those 
obtained using exponential regressions with 49 kg for the overall means, 52 kg 
for the ewes bred in Farm 1, and 46 kg for the ewes bred in Farm 2. The 
inflection point was shown by t. In this study, however, the values were not 
sensible as these were negative. This model also cannot predict the changes in 
LWT due to seasonal changes. The s.e.o values were slightly greater for 
logistic regression than for exponential regression. 
To predict the changes in LWT due to season, 2 models were fitted; (1) fourier 
and (2) dfourier, starting from pre-tupping. Results from fourier analyses 
starting from pre-tupping for overall means and means of farms are presented 
in Table 7.3 and Figure 7.7, 7.8, and 7.9. 
Table 7.3. Fourier regressions of LWT from pre-tupping for 
overall means and means of farms 
Components Overall means Means of farms 
Farm! Farm  
a 47.1 50.26 59 
P 1.9 2.48 20 
Ti 3.7 5.74 69 
26.1 24.0 293 
r2 0.32 0.38 0.47 
s.e.o 2.97 3.23 2.99 
2it(x,-)l 
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Figure 7.7. Fourier regression of 	Figure 7.8. Fourier regression of 
LWT for means of Farm 1 	LWT for means of F  arm 2 
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Fourier estimates starting from pre-tupping give poor predictions of the curve 
with r2 and s.e.o of 0.32 and 2.97, respectively for overall means, of 0.38 and 
3.23 for means of Farm 1, and 0.47 and 2.99 for the means of Farm 2. The 
values of the frequency of changes were higher than expected (12 months) with 
26.1 months for overall means, 24 months for the means of Farm 1, and 293 
months for the means of Farm 2. 
Analyses using dfourier functions starting from pre-tupping for overall means 
and means of farms separately are presented in Table 7.4, and Figures 7.10, 
7.11, 7.12. 
Table 7.4. Dfourier regressions of LWT starting from pre-tupping for 
overall means and means of farms 
Components Overall means Means of farms 
Farm 1 Farm 2 
a 47.4 51.6 44.9 
2.2 3.1 2.0 
1 8.7 4.1 10.1 
00 20.9 30.0 19.5 
Y 2.0 3.6 2.4 
4' 8.8 12.2 0.4 
r2 0.54 0.82 0.44 
s.e.o 3.45 2.45 4.35 
x_i)] 	sin[] Formula : y, =a+13 sin[  
2t( w +y 
Dfourier analyses of LWT starting from pre-tupping also gave a poor prediction 
of curve with r2 and s.e.o of 0.54 and 3.45, respectively for overall means, 0.44 
and 4.35 for the means of Farm 2, and 0.82 and 2.45 for the means of Farm 1. 
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This model is a double fourier, thus the expected co is 24 months. The results 
showed that the values of co were less .than expected for the overall means 
(20.9 months) and the means of Farm 2, but higher than expected for the means 
of Farm 1(30 months). 
7.1.2. Muscle Depth 
Two models were used in MD regression; (1) fourier and (2) dfourier as 
fluctuation with season also appeared as sinusoidal. Results from fourier 
analyses for overall means and means of farms separately from pre-tupping are 
presented in Table 7.5, and Figures 7.13, 7.14, and 7.15. 
Table 7.5. Fourier regressions of MD from pre-tupping for 
overall means and means of farms 
Components Overall means Means of farms 
Farm! Farm  
a 1.98 2.11 1.87 
13 0.21 0.25 0.21 
11 4.55 6.35 6.25 
(0 12.05 11.56 11.24 
r2 0.95 0.84 0.98 
s.e.o 0.05 0.11 0.05 
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Fourier analyses of MD resulted in good fits to the models with r 2 and s.e.o of 
0.95 and 0.05, respectively for overall means, 0.84 and 0.11 for the means of 
Farm 1, and 0.98 and 0.05 for the means of Farm 2. The values of co were also 
very close to those expected (12 months); 12.05 months for overall means, 
11.56 months for the means of Farm 1, and 11.24 months for the means of 
Farm 2. 
Results from dfourier analyses of MD for overall means and means of farms 
considered separately, from pre-tupping are presented in Table 7.6 and figures 
7.16, 7.17, and 7.18. 
Table 7.6. Dfourier regressions of MD from pre-tupping for 
overall means and means of farms 
Components Overall means Means of farms 
Farm 1 Farm 2 
1.98 2.11 1.87 
1 0.03 0.04 0.03 
Ti 19.16 17.72 21.53 
24.0.1 23.43 23.33 
'/ 0.21 0.25 0.22 
__________ 4.65 6.00 6.39 
r2 0.96 0.85 0.98 
s.e.o 0.06 0.14 0.05 
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Fitting dfourier regressions produced similar results with those of fourier 
regressions. The best prediction was obtained by fitting the means of Farm 2 
with r2  and s.e.o of 0.98 and 0.05 respectively, followed by fitting overall 
means and means of Farm 1 with r 2 and s.e.o of 0.96 and 0.06 for overall 
means and 0.85 and 0.14 for means of Farm 1. The values of o also close to 
those expected (24 months); with 24.01 month for overall means, 23.43 for the 
means of Farm 1, and 23.33 for the means of Farm 2. 
7.1.3. Average Fat Depth 
The regression models used in AVF analyses were fourier and dfourier. Three 
means were fitted from pre-tupping; (1) overall means, (2) means of each 
farms, and (3) means of lines. Results from fourier analyses of AVF for 
overall means, means of farms and means of lines are presented in Table 7.7 
and Figures 7.19, 7.20, 7.21, and 7.22. 
Table 7.7. Fourier regressions of AVF from pre-tupping for 
overall means, means of farms and means of lines 
Components Overall means Means of farms Means of lines 
Farm 1 Farm 2 Line L Line F 
a 0.26 0.29 0.23 0.24 0.29 
0.15 0.16 0.16 0.15 0.16 
1 4.73 5.01 3.74 4.46 4.31 
11.87 11.84 12.07 11.91 12.04 
r2 0.94 0.97 0.97 0.97 0.94 
s.e.o 0.04 1 	0.03 0.03 1 	0.03 1 	0.04 
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Fourier analyses of AVF resulted in a good fit for all means. The r 2 and s.e.o 
resulting from overall means were 0.94 and 0.04, respectively. Fitting the 
means of Farm 1 and Farm 2 were obtained the same results with r 2=0.97 and 
s.e.o = 0.03. The fit for the means of two lines was very close with r 2 and 
s.e.o of 0.94 and 0.04 respectively for line L and 0.97 and 0.03 for line F. The 
values of w were also close to those expected with 11.87 months for overall 
means, 11.84 months for the means of Farm 1, 12.07 months for the means of 
Farm 2, 11.91 months for the means of line L and 12.04 for the means of line F. 
Results from dfourier analyses for overall means, means of each Farms, and 
means of each line from pre-tupping are presented in Table 7.8 and Figures 
7.24, 7.25, 7.26, 7.27. 
Table 7.7. Dfourier regressions of AVF from pre-tupping for 
overall means, means of farms and means of lines 
Components Overall means Means of farms Means of lines 
Farm 1 Farm 2 Line L Line F 
a 0.26 0.29 0.24 0.24 0.29 
0.03 0.02 0.02 0.01 0.03 
Ti 11.32 11.47 8.10 8.3 6.31 
24.75 24.22 24.67 23.96 23.83 
7 0.16 0.17 0.16 0.15 0.16 
3.39 4.38 3.11 4.3 4.6 
r2 0.95 0.97 0.97 0.97 0.98 
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Figure 7.24. Dfourier regression of 	Figure 7.25. Dfourier regression of 
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Figure 7.26. Dfourier regression of 
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The analyses of dfourier regression also resulted in a good fit for all fitted 
means. The r2 and s.e.o resulting from fitting overall means were 0.95 and 
0.06, respectively. Fitting the means of farms separately resulted in better 
predictions than those of overall means with r 2 and s.e.o of 0.97 and 0.04 for 
both means of Farm 1 and Farm 2. Fitting the means of lines separately also 
gave better predictions than those of overall means with r 2 and s.e.o of 0.97 
and 0.04 respectively for line L and 0.98 and 0.04 for line F. The values of Co 
resulting from this model were close to 24 months, for example 24.75 months 
for overall mean, 23.96 months for the means of line L, and 23.83 months for 
the means of line F. 
7.2. Discussion 
Patterns of growth and body composition can be described simply in terms of 
age (Taylor, 1982). Statistical analyses chosen to describe the traits observed 
depend on the characteristics of the data set and the objectives of the analysis. 
Primary models for fitting curve should take into account : (1) biological 
interpretability of parameters, which generally depends on genotype and 
environment, and (2) goodness of fit to actual data. Computational difficulties, 
however, vary depending upon the information available in the data set as most 
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of the functions used are sensitive to the frequency and regularity of data on 
both size and age scales (Fitzhugh, 1976). 
In this study, the two models fitted to LWT data starting from birth resulted in a 
good fit. Exponential regression may have resulted in a better prediction as it 
had a lower s.e.o than that did logistic regression. These two models, however, 
failed to address the biological terms of the parameter and changes in LWT 
due to seasonal patterns, such as when LWT dropped during winter and 
reached maximum levels in the autumn. In the exponential analyses, for 
example, although the best method to predict changes in LWT from birth, 
there was 	no inflection point. The second derivative of an exponential 
regression is y'= p px(lnp) 2 ; 	the inflection point occurs when y'= 0. 	As a 
result, pX = 0 or x= -. It has been shown in 7. 1.1 that the logistic regression 
also failed to interpret biological terms of the parameter. Poor interpretation of 
components above may be due to several reasons; (1) lack of information in 
data set explaining an important biological phase, for example there may be 
insufficient data representing phases of the growth curve associated with self 
acceleration, the inflection point, and self retardation; (2) other environmental 
factors may strongly influence the changes in LWT (this will be discussed 
later), and (3) the models fitted were inappropriate. 
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In order to predict the changes in LWT due to seasonal patterns, two models 
were fitted; (1) fourier and (2) dfourier. These models, however, are not likely 
to result in sensible predictions, probably due to other environmental factors 
influencing the changes. in LWT besides season, such as stage of pregnancy 
and shearing stage. The difficulty in determining changes in LWT in Scottish 
blackface ewes has been studied by Russet et al. (1968). In these studies, 
LWT usually reached maximal levels in the late autumn or 3 weeks before 
mating. There was a significant decrease in LWT between early November and 
mid-March, and a. small but non significant increase during final month of 
pregnancy (April). The pattern of LWT changes over time was represented by 
a cyclic curve. A considerable decline in LWT occurred after parturition, 
which made the cycle difficult to predict mathematically. The increment in 
weight afterwards seemed to be exponential until the time of shearing, and 
finally weight dropped again after shearing (July). The data representing 
annual changes in LWT in this study may not be sufficient to predict the 
changes in LWT mathematically. 
Fourier and dfourier regressions from MD and AVF from pre-tupping may 
result in a good prediction of the curve. Fourier model, however, are likely to 
provide a better explanation of the changes in MID and AVF because of two 
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reasons; (1) it gave lower s.e.o than the dfourier regression, given similar 
values of r2, (2) the values of co for fat depth are generally closer to the 
expected frequency of annual changes of 12 months, and (3) advantage of 
fourier is that it has fewer parameters that dfourier. Generally, models with 
fewer parameters are more robust. 
The models above showed that MD and AVF were greatly influenced by 
seasonal changes. The reasons for these changes have been discussed in 
chapter 4. Strong effects of the environment on MD and AVF may have to be 
considered in determining the time at which lambs should be marketed, and 
how selection programmes for leanness should be established, as the rank of 
animals may change with season. 
7.3. Conclusion 
Patterns of the changes in LWT starting from birth generally could be described 
in terms of age with exponential and logistic regressions. The exponential 
regression may give a better result than logistic because it gave a lower 
standard error of observations. These two models, however, failed to describe 
the changes in LWT due to seasonal patterns and biological meanings of 
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parameters. Fitting fourier and dfourier regressions from pre-tupping also 
failed to explain these changes. This may be because (1) the data were not 
sufficient representing the phase of annual changes, (2) other environmental 
factors such as stages of pregnancy, parturition and shearing strongly 
influenced the changes in LWT, and (3) the models fitted were inappropriate. 
Fourier and dfourier regressions starting from pre-tupping resulted in good fit 
for predicting the changes in MD and AVF due to seasonal patterns. Fourier 
regression, however, gave a better prediction and description of the changes as 
it. gave lower standard error of observations, the values of (o were closer to the 
expected frequency of 12 months, and fewer parameters tan dfourier.. 
MD, A\TF were strongly influenced by the seasonal changes, thus they have to 
be taken into account in the marketing of commercial animals and in the design 
of selection programmes for reduced fatness. 
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8.1. General Discussion 
Chapter 4 illustrated the changes in live weight and body composition over 
time. Fat reached maximum rates of deposition in the autumn (pre-tupping) 
and mobilisation during winter through early spring (pre-lambing to lamb 
marking). Fat deposition also depended on the availability of vegetation and 
harshness of hill conditions. It was found that ewes reared under a much 
harsher environment had significantly lower average fat depths than those 
reared under a less harsh environment. Selection for leanness is basically 
intended to reduce fatness in the carcass, as desired by consumers. Lundstrom 
(1990) noted that the optimum intramuscular fat content was between 2 and 3% 
in pig longissimus dorsi muscle. Moreover, Wood (1992) found that a lower 
reduced intramuscular fat may have an undesirable effect on meat quality, as 
this reduces taste, juiciness and flavour. A lot of information is still required 
especially in relation to (1) The optimum of average fat depth on the dissected 
carcass desired by consumers taking into seasonal changes and the amounts 
of selection required to reach this point, and (2) the optimum of fat depositions 
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associated with survival and adaptation. There is lack of study, however, 
relating to those factors. 
Changes in estimates of heritability seem to follow the season. In the first 
parity, the estimates increased with age to reach their highest values at pre-
tupping. Unfortunately, no estimates were obtained during autumn at the age 
of 8 months (post-weaning, before pre-tupping). The estimates of heritability 
were lower during winter when sheep's body reserves were mobilised. It 
seems that the highest genetic variation is reached during autumn when ewes 
are able to deposit maximal body reserves. The estimates of heritability 
obtained in the second parity, however, were remarkably stable. Attention is 
now being focused on selection programmes for ewes based on fat depth 
measured under a harsh environment, in order to obtain the highest response in 
fat with little effect on other correlated traits. In Chapter 5, it was argued 
that the highest response in fat with least effect on correlated traits is obtainable 
if selection is carried out at pre-tupping or during autumn. Selection at weaning 
may result in a lower response than that carried out at pre-tupping. High 
common environmental effects at weaning could be taken account of inclusion 
in the model. Heritabilities, for example, should be estimated using Model 2. 
High genetic correlations between AVF and MD (0.51) and AVF and LWT 
(0.69) at weaning are unexpected. The consequence of reducing fat depth may 
result in a reduction in MID and LWT. If selection on ewes based on fat depth 
has to be carried out in harsh hill conditions at weaning, the problem is to 
eliminate subsequent reduction of MID and LWT. In addition, high common 
environmental effects may also be related to adaptation as it shows dependency 
of the offspring on the dams (Conington et al., 1994). Selection carried out at 
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pre-tupping may be able to eliminate these problems but the animals have to be 
kept longer (about a year). An economical analysis should be carried out to 
compare the consequences of alternative selection programmes. Estimates of 
parameters obtained in the autumn when the ewes reach 8 months of age may 
be of interest as at this stage, the animals are likely to show: (1) maximum 
body reserves, (2) maximum genetic variation, and (3) survival after weaning 
which is not dependant on the dams. In addition, it may reduce production 
cost for a year than if selection is carried out at pre-tupping. 
We can consider the case now if selection is carried out in intensive conditions 
and the offspring are reared under extensive hill conditions. Genetic 
correlations between LEAN (intensive) and fat depths (extensive) taken over 
the first parity were negative and high at all points of measurement (Table 6.2). 
Consequently, selection for leanness in the rams under intensive conditions is 
likely to result in a reduction of fat depth at all stages of the reproductive cycle 
in ewes reared under extensive conditions. It has been shown in Chapter 4 
that the effect of line was significant on average fat depth at all measurements 
taken over both the first and second parities. The results demonstrated that 
selection for leanness in rams under intensive conditions has been effective in 
altering fat deposition of ewes reared under harsh hill conditions. Selection 
for leanness of rams under intensive conditions may be a better choice than 
that of selection under harsh condition, due to several reasons; (1) 
environmental factors are easier to control and this should lead to less 
environmental variance (2) the animals are easier to record, and (3) estimates 
of parameters may be more accurate. However, studies on the effect of 
selection as described above should be considered in relation to the effect on 
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meat quality. If selection is carried out under harsh hill conditions, large 
variation in environmental effects may be difficult to control and may lead 
to large variation in performance and also contribute to large differences in 
parameter estimates. Selection carried out in one farm, for example, may not 
be applied in another farm. Bishop et al. (1992) noted that one of the 
difficulties of genetic improvement of sheep hill is recording. 
Moderate, negative genetic correlations between LEAN and muscle depths 
imply that selection for increased leanness is likely to result in reduced muscle 
depth. Negative, moderate genetic correlations between these seem not to 
affect the differences between line on this trait. It was shown in Chapter 3 that 
mean differences between lines were not significant for MD at all 
measurements taken over both the first and second parities. However, figure 
4.7 illustrated that the fat line had slightly thicker MD than the lean line did. 
The differences may become larger with long term selection. In addition, the 
method of fat depth assessment using condition score was not effective in this 
study. It has been shown in Table 4.7 that the differences between line on 
condition score were not significant in almost of all points of measurement. 
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8.2. General Conclusions 
Referring to the objectives of this study in Chapter 1, it can be concluded that: 
In general, live weight, muscle depth and average fat depth exhibited 
similar patterns of changes with age and seasons with the increases in 
tissue deposition up to pre-tupping (autumn) and mobilisation of body 
reserves from pre-tupping to lamb marking (winter and early spring). 
Line differences were influential on AVF at all stages of the reproductive 
cycle with the fat line having significantly thicker AVF than the lean line. 
Mean differences between line in MD and LWT, however, were not 
significant. The effect of birth type was influential on the observed traits 
in the early stages of growth, but not significant thereafter. The ewes 
reared under a much harsher environment (Farm 2) had significantly lower 
LWT, MID, AVF, and CS than those reared under a less harsh 
environment, although the mature sizes of the dams reared in Farm 2 were 
also lower. 
The estimates of heritability and genetic and phenotypic parameters are 
presented in Chapter 5. The estimates of heritability obtained in the first 
parity increased from birth to reach their highest values at pre-tupping, 
and then decreased gradually to lamb weaning. Heritabilities estimated in 
the second parity were relatively stable in magnitude. The estimates of 
heritability obtained with common environmental effects were lower than 
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those of estimates with permanent environmental effects were not 
included, however if the common environmental were equal to zero, the 
estimates of heritability were very close. The estimates of genetic and 
phenotypic correlations between traits observed at different stages were 
positive and high with smaller correlations seen the further apart the 
measurements were taken. Changes in genetic correlations between 
different traits over time exhibited no similar patterns. Changes in 
phenotypic correlations with were similar but different magnitudes. 
(4) Selection for leanness in rams under intensive condition has been effective 
in altering the fat deposition of ewes reared under extensive hill conditions 
at all stages of the reproductive cycle. 
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Further study is required to investigate; 
The optimum of average fat depth on the dissected carcass desired by 
consumers taking seasonal fluctuations into account, and the amounts 
of selection required to reach this point. 
Simulation of response to selection, including economic analyses if 
selection is carried out on ewes under extensive conditions at different 
stages of life cycle with different heritabilities and magnitudes of 
correlations. 
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